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The western corn rootworm (WCR), Diabrotica virgifera virgifera LeConte, is a
pest of field corn, Zea mays L., across the United States (U.S.) Corn Belt. Transgenic
corn expressing two or more insecticidal proteins (‘pyramid’) derived from Bacillus
thuringiensis Berliner (Bt) is a common management strategy employed in areas of
continuous corn production. The newest rootworm-Bt pyramid registered in the U.S. is
SmartStax® PRO, which contains two rootworm-Bt proteins (Cry3Bb1, Cry34/35Ab1)
and DvSnf7 dsRNA. With the pending commercialization of SmartStax® PRO,
understanding the current susceptibility of Nebraska WCR populations to the Cry3Bb1 +
Cry34/35Ab1 pyramid (SmartStax®) and characterizing the biological fitness of WCR
surviving dietary exposure to SmartStax® PRO is needed to develop effective resistance
management strategies.
The first objective was to characterize the susceptibility of northeast Nebraska
WCR populations to SmartStax® using the Gassmann plant-based bioassay technique.
Results confirmed the first cases of resistance to a rootworm-Bt pyramid in Nebraska and
a neighborhood resistance pattern to Cry3Bb1 was observed in the study area.

The second objective was to compare life history traits of WCR surviving dietary
exposure to SmartStax® PRO or non-Bt corn. Data were collected from individual WCR
male/female pairs selected from adults collected in replicated field plots of SmartStax®
PRO or non-Bt corn. Results indicated that adult or lifetime exposure to SmartStax® PRO
significantly reduced WCR longevity, size, and lifetime egg production, contributing to a
decrease in biological fitness.
The third objective was to characterize the effect of SmartStax® PRO dietary
exposure on WCR F1 population dynamics. Individual-based simulation models were
used to estimate the intrinsic growth rate (r) based on net reproductive rate (R0)
calculated from experimental data. The results confirmed a significant decrease in
population growth in the F1 generation caused by the sublethal effects of SmartStax®
PRO exposure observed in the F0 generation. Collectively, the results suggest that
SmartStax® PRO may contribute to population suppression under field conditions,
although additional modeling is needed to test this hypothesis.
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CHAPTER 1: LITERATURE REVIEW
1.1. Introduction
The leaf beetles (Coleoptera: Chrysomelidae) represent a large, diverse, and
speciose taxon of phytophagous insects. The genus Diabrotica Chevrolat 1836
(Coleoptera: Chrysomelidae: Galerucinae: Luperini) is one of the most economically
important genera in the New World, comprised of over 400 described species (Derunkov
and Konstantinov 2013). Diabrotica species feed on flowers, leaves, and roots of
agricultural crops, vegetables, fruits, and ornamental plants; some species also vector
plant viruses and other plant diseases (Cabrera Walsh 2003, Derunkov and Konstantinov
2013). Pest insects within Diabrotica have been identified in two of three species
groups—fucata and virgifera (Branson and Krysan 1981, Clark et al. 2001).
The fucata species group includes over 300 polyphagous species commonly
associated with cucurbits (Cucurbitaceae). Many fucata species are distributed
throughout tropical habitats in Central and South America as host plants are available
throughout the year (Wilcox 1972, Cabrera Walsh et al. 2020). This promotes
multivoltinism among fucata species (Branson and Krysan 1981, Krysan 1999, Cabrera
Walsh 2003). Two North American fucata species group members are pests of field corn
(Zea mays L.): the southern corn rootworm (SCR, D. undecimpunctata howardi Barber)
and the western spotted cucumber beetle (D. u. undecimpunctata Mannerheim) (Branson
and Krysan 1981). During temperate North American winters, members of the fucata
species group undergo reproductive adult diapause (Branson and Krysan 1981, Meinke
and Gould 1987, Krysan 1999, Cabrera Walsh 2003).
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Members of the virgifera species group are distributed throughout North to South
America and larvae are either oligophagous on a few grass species or monophagous on
field corn (Wilcox 1972, Branson and Krysan 1981, Krysan and Smith 1987, Krysan
1999). The distribution of these species in North America requires univoltinism due to
seasonal availability of host plants and enter diapause as eggs (Krysan and Smith 1987,
Krysan 1999, Cabrera Walsh et al. 2020). Three virgifera species group members are
responsible for most economic damage to field corn in North America: the western corn
rootworm (WCR, D. virgifera virgifera LeConte), the northern corn rootworm (NCR, D.
barberi Smith & Lawrence), and the Mexican corn rootworm (D. v. zeae Krysan &
Smith) (Branson and Krysan 1981).
The five Diabrotica pest species within the fucata and virgifera species groups
listed above make up the North American corn rootworm field corn pest complex (Rice
2004, Sappington et al. 2006). Diabrotica species are responsible for greater than U.S. $2
billion annually in control costs and corn yield losses (Wechsler and Smith 2018). The
WCR is the most economically significant pest species within the corn rootworm pest
complex in the U.S. Corn Belt (Gray et al. 2009). This species was first described by
John LeConte in 1868 from two specimens collected on wild gourd near Fort Wallace,
Kansas, during the summer of 1867 (LeConte 1868). WCR feeding damage was first
reported in Colorado beginning in 1909 (Gillette 1912) with WCR damage in Nebraska
documented in 1929 and 1930 from five counties in the southwest portion of the state
(Bare 1930, Tate and Bare 1946). Severe drought conditions during the 1930s reduced
the pest impact of the WCR; however, as more favorable conditions returned during the
1940s, significant damage was again documented in the southwestern portion of the state
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(Tate and Bare 1946). The extended distribution and eastward spread of the WCR from
the Rocky Mountains through the U.S. Corn Belt was aided by the increased use of
irrigation systems and planting large monocultures of continuous corn (Gray et al. 2009,
Meinke et al. 2009, Meinke et al. 2021). The WCR was also introduced into Europe as
early as 1992, causing significant damage and economic losses in European cornfields
(Gray et al. 2009, Bažok et al. 2021).
Larval feeding (i.e., root pruning) on the corn root system under moderate to high
population densities may lead to a reduction in plant biomass and growth by interfering
with water and nutrient uptake, plant instability leading to lodging, and lower grain yields
(Kahler et al. 1985, Levine and Oloumi-Sadeghi 1991, Godfrey et al. 1993, Hou et al.
1997). The impact of WCR feeding on grain yield is dictated by the interaction of pest
density with corn hybrid genetics and environmental conditions (Gray and Steffey 1998,
Urías-López and Meinke 2001). A 15-17% reduction in overall grain yield is possible
(Dun et al. 2010, Tinsley et al. 2013) with each node of root injury (Oleson et al. 2005).
Adult feeding on corn pollen and silks under high population densities can interfere with
pollination, reducing seed set and grain yield (Culy et al. 1992, Darnell et al. 2000,
Meinke 2014).
Various management tactics are currently utilized to manage WCR injury in
cornfields. Crop rotation from corn to a non-host crop (e.g., soybeans, Glycine max (L.)
Merr.) prevents WCR development, breaking the cycle and eliminating the WCR
population present. This management approach is a viable cultural control method due to
the strong affinity of WCR to oviposit in corn (Branson and Krysan 1981, Spencer et al.
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2009). In areas of the eastern Corn Belt, a rotation-resistant variant strain has
circumvented crop rotation by laying eggs in non-host crops, causing unexpected damage
to first-year corn (Levine et al. 2002, Rondon and Gray 2004).
Continuous corn production (≥ 2 successive years of corn planted in an individual
field) under irrigated conditions is common in the western Corn Belt (Hill and Mayo
1980, Meinke et al. 2009). Two main management strategies are used in areas of
continuous corn production: soil- or foliar-applied insecticides and transgenic corn.
Insecticides have been used to control both larval and adult stages since the late 1940s
(Muma et al. 1949; Pruess et al. 1974; Souza et al. 2019, 2020; Meinke et al. 2021).
Multiple applications per growing season or continued use of a single mode of action has
facilitated resistance evolution to four different classes of insecticides (Ball and
Weekman 1962, Meinke et al. 1998, Pereira et al. 2015, Souza et al. 2019, Meinke et al.
2021).
Transgenic corn expressing insecticidal Cry proteins (Cry3Bb1, Cry34/35Ab1,
mCry3A, and eCry3.1Ab) derived from the soil bacterium Bacillus thuringiensis Berliner
(Bt) were commercially introduced and marketed as single-trait products beginning in
2003 for WCR larval management (Moellenbeck et al. 2001, USEPA 2003). Due to
increased efficacy and convenience of transgenic corn (Rice 2004), this management
strategy has been widely adopted by growers (Andow et al. 2016). Currently, most
rootworm-active Bt proteins are available as pyramided products containing two Bt
proteins (i.e., SmartStax: Cry3Bb1 + Cry34/35Ab1) (USEPA 2009). Continuous
cultivation of transgenic crops expressing rootworm-active Bt proteins has facilitated
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resistance evolution to the Cry3Bb1 and mCry3A proteins in Nebraska (Wangila et al.
2015, Reinders et al. 2018). However, the susceptibility of Nebraska WCR populations to
Cry34/35Ab1 has not been characterized since 2014 (Wangila et al. 2015, Wangila 2016)
and susceptibility to pyramided hybrids such as SmartStax is currently unknown.
Resistance to Cry34/35Ab1 has been documented in Iowa (Gassmann et al. 2016,
2020) and Minnesota (Ludwick et al. 2017), raising concerns over the current and future
efficacy of transgenic products expressing these Bt proteins. New products with novel
modes of action are required to help mitigate existing WCR Bt resistance and slow
further resistance evolution to preserve the efficacy of rootworm-active Bt proteins.
Recently, a pyramid that includes plant-incorporated insect-specific dsRNA and Bt
proteins has been registered in the U.S. for WCR management under the trade name
SmartStax® PRO (USEPA 2017). Understanding the susceptibility of WCR populations
to the individual traits in SmartStax® PRO and the fitness of WCR surviving dietary
exposure to SmartStax® PRO is necessary to optimize resistance management programs.
1.2. Biology and Ecology
The WCR is a univoltine pest of corn (Ball 1957, Meinke et al. 2009). Eggs
overwintering in the soil are exposed to harsh conditions and can experience high
mortality rates (Gustin 1981, Godfrey et al. 1995), although deeper oviposition and soil
surface crop residue create a soil buffer from extreme temperatures (Calkins and Kirk
1969, Godfrey et al. 1995). Eggs surviving the overwintering period determine the
infestation level present and maximum damage possible in a cornfield (Woodson and
Gustin 1993, Ellsbury et al. 1998). Embryogenesis occurs shortly after oviposition, but
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development ceases within 11-13 days at 20C (Krysan 1972) or by 18 days at 25C
(Krysan et al. 1977) as embryos enter an obligate diapause phase (Meinke et al. 2009).
When lab-rearing WCR, eggs are typically held for 2-4 weeks at 25C after oviposition to
allow prediapause development prior to chilling (Jackson 1986), as continuous chilling
prior to reaching diapause is detrimental to embryo development (Chiang 1973, Meinke
et al. 2009). Diapause can last from 78-163 days depending on latitude (Branson 1976,
Krysan 1982), and is terminated midwinter when soil temperatures are  11C (Wilde
1971, Schaafsma et al. 1991, Levine et al. 1992a). Postdiapause eggs remain dormant in a
state of chill-quiescence until soil temperatures exceed 11C (Krysan 1978, Gustin 1981,
Krysan et al. 1984) at which point postdiapause development occurs until egg hatch.
Initial larval eclosion generally occurs during late May to early June in the U.S.
Corn Belt. Larvae develop through three instars (George and Hintz 1966, Hammack et al.
2003), with males completing larval and pupal development faster than females (Jackson
and Elliott 1988). Larval development is temperature dependent (Kuhlman et al. 1970,
Jackson and Elliott 1988). Temperatures ranging from 21-30C lead to optimal head
capsule width (i.e., size) and survival to adulthood; temperatures > 30C are detrimental
to larval development (Jackson and Elliott 1988). Average female neonate to adult
emergence time ranges from 45.0 to 20.7 days at temperatures ranging from 18-30C
(Jackson and Elliott 1988). Within a cornfield, it is estimated that WCR survival from
egg to adulthood ranges from 6.7 to 11% (Gray and Tollefson 1988a,b; Pierce and Gray
2007). Larval feeding occurs during June and July, coinciding with the most rapid period
of vegetative corn growth (Bryson et al. 1953). First- and second-instar larvae are often
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found in the distal portions of the root system due to increased CO2 production from the
rapidly growing root tip (Strnad and Bergman 1987a). This creates a concentration
gradient originating in the root tip that diffuses through the soil, serving as an orientation
cue for neonate WCR larvae (Strnad and Bergman 1987b, Bernklau and Bjostad 1998,
Bernklau et al. 2013).
Larval hosts supporting survival to adulthood are limited to specific grass species,
but field corn is the most optimal and widely available host. Clark and Hibbard (2004)
tested 29 different plant species (28 grasses, 1 broadleaf) and noted 6-day larval survival
on 27 species and 24-day larval survival on 23 species under greenhouse conditions.
Overall, the highest percentage of WCR larvae were recovered from corn (39%),
although greater than 25% of WCR larvae were recovered after 24 days from western
wheatgrass (Pascopyrum smithii (Rydb.) Á. Löve), Rhodes grass (Chloris gayana
Kunth), reed canarygrass (Phalaris arundinacea L.), redtop (Agrostis gigantea Roth), and
sand lovegrass (Eragrostis trichodes (Nutt.) Alph. Wood). Oyediran et al. (2004)
conducted a similar study, investigating WCR larval development on corn and 21 prairie
grasses. The highest percentage of WCR larvae were recovered from corn (24.6%),
although there was no significant difference in average larval survival between corn,
pubescent wheatgrass (Elytrigia intermedia (Host)), side-oats grama (Bouteloua
curtipendula Michx.), slender wheatgrass (Elymus trachycaulus (Link)), and western
wheatgrass. Adult recovery was not significantly different between field corn and
pubescent wheatgrass, indicating that this grass species may support survival to
adulthood under field conditions. Both studies were conducted under laboratory
conditions; to date, survival to adulthood has not been confirmed from perennial prairie
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grasses in the field. The ramifications of these studies are important due to the increased
cultivation of transgenic corn, which targets first-instar larvae. Development past the first
instar on weedy grass species within cornfields could allow WCR larvae to colonize
transgenic roots and only receive a sublethal dose of the toxin, increasing survival on Bt
proteins and impacting the rate of resistance evolution (Wilson and Hibbard 2004).
WCR adults are approximately 0.6cm in length, yellowish to green in color with
two black stripes on the elytra (Tate and Bare 1946). Adult emergence from the pupal
stage in the soil begins in late June and can continue through early September (Quiring
and Timmins 1990, Darnell et al. 2000, Meinke et al. 2009), with adults feeding on corn
silks, tassels, and ear tips (Ball 1957, Levine and Oloumi-Sadeghi 1991). Duration of
emergence over a 6-year period in 78 continuous cornfields in Iowa averaged 33.4 days
for males and 51.3 days for females (T. M. Nowatzki, unpublished data, cited in Meinke
et al. 2009). Males require 5 days postemergence to reach sexual maturity, whereas
females are sexually mature upon emergence (Spencer et al. 2009). WCR protandry
results from differences in postdiapause embryonic development and post-hatch
immature development (Branson 1987). First-year cornfields are often characterized by
an increased proportion of females (Godfrey and Turpin 1983), and the male-female sex
ratio in continuous cornfields shifts from a male bias early in the season to a female bias
later in the season (Short and Hill 1972).
Adult WCR can be found within and around cornfields from emergence until
early fall or the first killing frost (Ball 1957, Short and Hill 1972). Beetle emergence
from an individual cornfield is often the greatest contributor to the total population
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density; however, emigration and immigration can also affect the population density and
genetics of an individual WCR population (Meinke 1995, Darnell et al. 2000, Reinders et
al. 2018). In general, continuous cornfields are often characterized by higher population
densities versus first-year corn (Godfrey and Turpin 1983). Adult female WCR are
capable of quickly colonizing areas where population densities have been reduced by
crop rotation (Godfrey and Turpin 1983), foliar insecticide applications (Pruess et al.
1974), or winter egg mortality (Godfrey et al. 1995) due to their mobility and
reproductive potential. Interfield movement is often a result of maturing corn. Adult
WCR are attracted to volatiles from underdeveloped silks and pollinating corn (Prystupa
et al. 1988, Spencer et al. 2009), promoting intra- or interfield movement at rapid rates
when primary food source attractiveness decreases (Darnell et al. 2000, Campbell and
Meinke 2006). Numerous tethered flight studies indicate that most WCR flight is trivial,
with females sustaining mean flight time longer than males (Coats et al. 1986, Naranjo
1990, Stebbing et al. 2005). Although newly mated females often remain in natal
cornfields to feed (Isard et al. 2004, Spencer et al. 2009), most female migratory flights
occur after mating but prior to becoming gravid (Coats et al. 1986, Stebbing et al. 2005).
Therefore, mated migratory females may colonize distant fields and lay eggs, facilitating
gene flow within the landscape.
Mating and oviposition occur from initial adult emergence in July through the
remainder of the growing season or until the first frost (Ball 1957). Oviposition primarily
takes place in cornfields, although the rotation-resistant strain in the eastern Corn Belt
lays eggs in other crops (O’Neal et al. 1999, Rondon and Gray 2003, 2004). Females
enter the soil surface via drought cracks (Kirk 1979), earthworm burrows (Kirk 1981a),
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or piled clods at the base of corn stalks (Kirk 1981b) and search for moist areas to lay
eggs (Kirk et al. 1968). Approximately 55-65% of WCR eggs are usually laid in the top
10cm of soil (Ball 1957, Hein et al. 1988, Pierce and Gray 2006a), although this number
can increase under irrigated conditions (Weiss et al. 1983). Gray et al. (1992a)
determined that approximately 60% of WCR eggs were laid between 20 and 30cm deep
under dryland conditions. These results collectively indicate that soil moisture is an
important factor affecting WCR ovipositional site selection.
1.3. Use of Crop Rotation for WCR Population Management
Crop rotation, or rotation of field corn with another non-host crop such as
soybeans, remains the recommended WCR management tactic in the U.S. Environmental
Protection Agency’s “Framework to Delay Corn Rootworm Resistance” (USEPA 2016).
This cultural management approach provides excellent WCR control because of the
strong ovipositional affinity for corn and larval development does not occur on non-host
plants (Levine and Oloumi-Sadeghi 1991, Clark and Hibbard 2004). Crop rotation
“breaks the cycle” or “resets the field,” essentially eliminating or reducing the WCR
population to undetectable levels. This strategy is often utilized more in the eastern Corn
Belt than the western Corn Belt partially because the confined livestock industry in the
western Corn Belt requires high volumes of corn, and under irrigation, corn can be more
profitable than soybeans.
1.3.1. Development of the Rotation-Resistant WCR Strain
Severe WCR larval feeding damage was observed in six cornfields planted to
seed-production soybeans the previous year in a 3 km2 area near Piper City in Ford
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County, located in east-central Illinois, in June 1987 (Levine and Oloumi-Sadeghi 1996,
Levine et al. 2002). This feeding damage was unexpected, as WCR oviposition in
soybeans had not been previously documented and the soybean fields were free of
volunteer corn and grassy weeds, which could facilitate WCR oviposition (Shaw et al.
1978, Levine and Oloumi-Sadeghi 1991). One hypothesis for feeding damage in firstyear cornfields was the potential presence of an extended diapause trait in WCR eggs,
allowing eggs to remain dormant for more than one year. This phenomenon is generally
observed in northern corn rootworm populations, with up to 40-50% of eggs undergoing
prolonged diapause (Krysan et al. 1984, Levine et al. 1992a). In contrast, prolonged
diapause was only observed at very low levels in WCR populations (< 0.25%) (Levine et
al. 1992b) and was not present in eggs laid by females collected near Piper City (Levine
and Oloumi-Sadeghi 1996). Unexpected damage to first-year corn occurred again from
1993-1994 in east central Illinois. Eggs were obtained from females collected in soybean
fields and subjected to an overwintering regimen. The results confirmed the presence of a
prolonged diapause trait in WCR eggs was not the cause of WCR larval injury in rotated
cornfields (Levine and Gray 1996, Spencer et al. 1997).
The movement of WCR females into soybeans from maturing cornfields was also
investigated as a potential reason for this unexpected feeding injury. Seed-production
soybeans remain green longer due to fungicide application. Corn plots were planted
adjacent to soybean plots, and soil samples were collected in the fall to determine egg
densities. Two WCR eggs were recovered from 240 soil samples collected from soybean
plots. The following year, root injury ratings from corn planted in the previous year’s
soybean plots were significantly lower (< 2.0) compared to corn-on-corn plots (> 4.5, 1-6
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root damage rating scale) (Levine and Oloumi-Sadeghi 1996). Collectively, these results
suggested that WCR females laid few eggs in soybean fields and increasing corn maturity
did not promote WCR movement and subsequent oviposition into soybean fields (Levine
et al. 2002).
The application of pyrethroid insecticides (i.e., permethrin) is commonplace in
seed corn production to control the corn earworm, Helicoverpa zea (Boddie). Application
typically occurs during the first two weeks of August, coinciding with initial WCR
oviposition (Levine et al. 2002). Pyrethroids are antifeedants and repellents to many
arthropods (Gould 1991); therefore, it was hypothesized that application of permethrin
near Piper City repelled gravid females from seed-production cornfields to nearby
soybean fields where oviposition occurred (Levine and Oloumi-Sadeghi 1996).
Additional unexpected injury to first-year cornfields occurred in 1993 and 1994.
Pyrethroids were not applied in these areas, indicating the repellent nature of this
insecticide class was not the major factor in WCR larval feeding injury in first-year corn
(Levine 1995).
In 1995, widespread failure of crop rotation as a WCR management tactic
affected first-year commercial cornfields in 9 east-central Illinois counties and 15
northwestern Indiana counties (Levine and Gray 1996, Gray et al. 1998a, 1998b). Yield
losses due to root pruning were significant (> 50% yield loss for many growers), as many
growers were unfamiliar with larval injury in rotated corn and did not use soil
insecticides as a preventative tactic to protect the root system. Yield losses were also
heightened due to high amounts of silk clipping and dry conditions during July (Levine
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and Gray 1996, Gray et al. 1998a, 1998b). Seventy-five growers responding to
questionnaires indicated that 97% of rotated fields were weed-free and 81.8% of fields
were not within 1 mile of seed corn production fields (Levine and Gray 1996, Levine et
al. 2002). Unexpected larval injury occurred in a field with a 3-year rotation of winter
wheat (Triticum aestivum L.), soybeans, and corn; another grower experienced WCR
injury in a first-year cornfield planted with soybeans the previous three years. These two
examples indicate that a prolonged diapause trait did not contribute to unexpected injury
in first-year corn (Levine and Gray 1996).
Soil samples collected from soybean fields neighboring problem cornfields in
three areas were collected in 1995. Within each soybean field, 12 different locations were
sampled. WCR eggs were found in October soil samples from all three sites, indicating
that a shift in egg-laying behavior had occurred since 1989 (Spencer et al. 1997, Levine
et al. 2002). Sampling of multiple non-host crops such as soybeans, oat (Avena sativa L.)
stubble, and alfalfa (Medicago sativa L.) at different times throughout the growing season
led to recovery of WCR eggs in all crops. This indicated that the rotation-resistant strain
had lost some fidelity to oviposition in cornfields (Knolhoff et al. 2006). Although this
behavioral shift occurred in the eastern Corn Belt, it is important to note that the greatest
number of WCR eggs were still laid in corn (Rondon and Gray 2004). Dissection of
WCR females collected from east-central Illinois soybean fields indicated that soybean
herbivory was common. However, results from laboratory studies indicated that soybean
foliage was a poor diet for adult WCR and led to reduced egg production, decreased
weight, and early death (Levine et al. 2002, Mabry and Spencer 2003). The poor diet
quality of soybean foliage can be mitigated by interfield movement, or periodicity,
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between soybean and cornfield edges (Spencer et al. 1998, Isard et al. 2000). Increased
captures of adult WCR in soybean plots were observed after corn developed past the R2
stage (i.e., after corn is a less viable food source) (Pierce and Gray 2006b).
A physiological mechanism for adaptation to crop rotation has recently been
proposed. Chu et al. (2013) hypothesized that crop rotation selected for a specific type of
gut microbiota. With the presence of this microbiota, the rotation-resistant strain is able
tolerate soybean anti-herbivory defenses, such as cysteine protease inhibitors, which
prevent protein digestion. Antibiotic suppression of rotation-resistant WCR gut bacteria
reduced this tolerance to wildtype levels, indicating selection for a specific type of gut
microbiota provides the rotation-resistant strain with a digestive advantage (Chu et al.
2013). Evidence also suggests that periodic exposure to soybeans can induce nutritional
stress that increases oviposition rate, lowers the feeding threshold, and promotes beetle
activity (Mabry et al. 2004). Analyses of microsatellite loci indicated no genetic
difference between WCR collected in soybean and corn inside and outside the rotationresistant problem area (Miller et al. 2006).
The rotation-resistant phenotype has slowly spread throughout the eastern Corn
Belt, including areas of Illinois, Indiana, Wisconsin, and northeastern Iowa (Meinke et al.
2009, Dunbar and Gassmann 2013). Onstad et al. (1999) developed a model to determine
the potential spread of the rotation-resistant strain. The model indicated the strain could
spread 10-30 km per year, with environmental factors such as wind speed and direction
impacting movement. Currently, eastward expansion of the rotation-resistant strain has
stalled due to increased landscape diversity (Onstad et al. 2003). WCR populations in the
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central and western Corn Belt do not exhibit rotation resistance; therefore, crop rotation
remains an integral part of WCR integrated pest management (IPM) programs.
1.4. Use of Insecticides for WCR Population Management
The main WCR population management strategy in continuous corn from the
1940s through the 1990s was the use of soil- and foliar-applied insecticides (Levine and
Oloumi-Sadeghi 1991, Meinke et al. 2021). Soil insecticides are applied at planting time
as granular or liquid products in-furrow or as a band over the row (Mayo and Peters
1978, Levine and Oloumi-Sadeghi 1991). Although soil-applied insecticides do not often
significantly reduce the larval population or survival to adulthood, these chemicals can
protect the root zone when low to moderate population densities are present (Levine and
Oloumi-Sadeghi 1991, Gray and Steffey 1998).
Foliar insecticides are applied to decrease adult WCR densities for two main
purposes: 1) to protect ears from adult silk feeding during the pollination period, and/or
2) to decrease female density and associated oviposition (Meinke 1995, 2014; Meinke et
al. 2021). Adulticides were initially used as a stand-alone strategy to prevent enough
oviposition to reduce the risk of economic injury the subsequent growing season in
continuous cornfields (Meinke et al. 2021). The use of foliar insecticides would replace
the need for a soil insecticide the following growing season (Meinke et al. 2021).
However, control failures in south-central Nebraska during the 1990s (Meinke et al.
1998) led to a decreased reliance on adult insecticides as a stand-alone management
strategy (Meinke et al. 2021). Foliar insecticides are currently used periodically as a
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complementary tactic in WCR management programs (Meinke 2014, Meinke et al.
2021).
Neonicotinoid insecticides (e.g., clothianidin, thiamethoxam) are applied at lowmoderate rates on all corn seed commercially available in the U.S. to control seedling
pests (Mullin et al. 2005, Meinke et al. 2021). Low-moderate rate seed treatments provide
protection from herbivory by wireworms, grubs, seed corn maggots, and other seedfeeding insects but not WCR. Neonicotinoid insecticides are utilized because of their low
mammalian toxicity, high potency, and broad spectrum of control (Jeschke and Nauen
2008, van Rozen and Ester 2010). High-rate seed treatments can be used as a stand-alone
tactic to manage low to moderate WCR populations, but efficacy is often greatly reduced
in high WCR density situations (van Rozen and Ester 2010, Tinsley et al. 2015).
1.4.1. Insecticide Resistance
In Nebraska, the use of broadcast-applied soil insecticides began in the late 1940s;
by 1954, the use of organochlorine insecticides (e.g., BHC, aldrin, heptachlor) was
common at planting time (Hill et al. 1948, Meinke et al. 2021). Ineffective control in
south-central Nebraska was reported in Nebraska in 1959, and control failures became
more serious during the following two growing seasons (Roselle et al. 1959, 1960, 1961).
Continuous corn on irrigated land coupled with regular use of organochlorine insecticides
increased the LD50 of aldrin and heptachlor 100-fold in south-central versus eastern
Nebraska (Ball and Weekman 1962). Although the use of organochlorine insecticides
(e.g., aldrin) has been discontinued, resistance to this compound has persisted and
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remained relatively stable in WCR populations (Siegfried and Mullin 1989, Parimi et al.
2006).
Soil-applied organophosphate and carbamate insecticides replaced organochlorine
insecticides for WCR control during the 1960s-1970s (Mayo and Peters 1978, Meinke et
al. 1998). These insecticides were applied in-furrow or as bands across the row, creating
an untreated refuge between rows (Gray et al. 1992b). This refuge has likely preserved
long-term efficacy of these products with no reported resistance evolution (Meinke et al.
1998, Wright et al. 2000, Meinke et al. 2021). At the same time, aerial application of
organophosphate and carbamate insecticides was increasingly used in adult WCR
management programs (Pruess et al. 1974). These programs placed high selection
pressure on WCR populations, resulting in resistance evolution in areas of extensive use
during the mid-1990s (Meinke et al. 1998). Results from topical bioassays confirmed
resistance to methyl-parathion and carbaryl in multiple Nebraska locations (Meinke et al.
1998). Resistance to methyl-parathion has persisted and remained stable in the absence of
selection pressure in WCR populations, indicating any fitness costs associated with
resistance genes are minimal (Parimi et al. 2006).
Many organophosphates and carbamates have been removed from the market by
regulatory actions over time, so pyrethroids have been frequently used for WCR adult
control. Widespread use of bifenthrin for adult WCR control in southwestern Nebraska
and southwestern Kansas led to reports of inadequate control and subsequent
confirmation of field-evolved resistance in 2013 (Pereira et al. 2015). Increased
susceptibility of WCR populations east of the Missouri River indicated that the
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geographic distribution of pyrethroid resistance was limited to the western Corn Belt
(Pereira et al. 2015) and mitigation strategies should be implemented in these areas to
manage resistance. WCR resistance to pyrethroids constitutes the fourth major class of
insecticides with reduced efficacy against WCR documented in the past 60 years.
Because seed treatments are currently applied to all commercially available corn
seed, determining the potential for resistance evolution is important to preserve the
efficacy of this management tactic. Baseline susceptibility of neonate WCR larvae from
field and laboratory populations to clothianidin were obtained using a filter paper assay
(Magalhaes et al. 2007). Results documented that clothianidin is very toxic to WCR and
established the natural variability in WCR susceptibility occurring in the field. To date,
resistance to neonicotinoid seed treatments has not been documented in WCR
populations.
1.5. Transgenic Plants Expressing Bacillus thuringiensis Proteins
The Gram-positive soil bacterium Bacillus thuringiensis (Bt) Berliner has been
used as a biopesticide for many decades and is now the most utilized insect management
strategy worldwide (Bravo et al. 2017). Bt produces different insecticidal proteins (Cry,
Vip, Cyt) during the sporulation phase of growth (Bravo et al. 2017). Genetically
modified cotton (Gossypium hirsutum L.), corn, rice (Oryza sativa L.), potatoes (Solanum
tuberosum L.), and soybeans containing Cry proteins has decreased the reliance on
chemical control to manage pest populations (Qiam and Zilberman 2003) against a
variety of insect pests (Jenkins 1997, Moellenbeck et al. 2001).
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1.5.1. Transgenic Corn Expressing Bt Proteins for WCR Management
The adaptability of the WCR to crop rotation and multiple insecticide classes
highlights the importance of developing novel management strategies to control this pest.
Due to the increased efficacy of transgenic crops expressing novel modes of action,
transformation of transgenic corn with rootworm-active Cry proteins provided corn
growers with an additional management tactic to use in WCR management programs. To
date, four Cry proteins with insecticidal activity against the WCR have been incorporated
into corn and are commercially available to growers: Cry3Bb1, Cry34/35Ab1, mCry3A,
and eCry3.1Ab. The biological activity of Cry3Bb1 against the WCR indicated potential
for use in transgenic corn to protect root tissue from feeding damage (Rupar et al. 1991).
Microprojectile bombardment was used to insert a DNA vector with the modified
cry3Bb1 gene containing a root-enhanced promoter (4-AS1) into embryonic corn cells.
The resulting corn hybrid expressing the Cry3Bb1 variant was approximately eight times
more lethal to WCR compared to the wildtype Cry3Bb1 protein and provided greater root
protection compared to soil- and seed-applied insecticides (Vaughn et al. 2005). The first
transgenic corn hybrid (event MON863) targeting the WCR was marketed and released
by Monsanto Company in 2003 (USEPA 2003) and contained this Cry3Bb1 protein
variant (Vaughn et al. 2005).
Cry34Ab1 and Cry35Ab1, two binary insecticidal proteins 14-kDa and 44-kDa in
length, were isolated from Bt strain PS149B1 and exhibited oral toxicity to Diabrotica
species, but not lepidopteran pests (Moellenbeck et al. 2001, Ellis et al. 2002). Under
acidic pH conditions (i.e., coleopteran midgut), Cry34/35Ab1 forms ion channels in the
lipid bilayer; ion channels were not formed under alkaline conditions (i.e., lepidopteran

27
midgut) (Masson et al. 2004). These results indicate that Cry34/35Ab1 causes larvicidal
activity in a similar manner to other Cry proteins. Both proteins are necessary to cause
WCR mortality, as bioassays with individual proteins did not cause lethality (Ellis et al.
2002). Cry34Ab1 alone caused mortality in the southern corn rootworm; this activity was
synergized in bioassays with both toxins present, indicating both proteins are necessary
for maximum insecticidal activity against Diabrotica spp. (Herman et al. 2002). No
sequence homology between Cry34/35Ab1 and Cry3 proteins was observed (Ellis et al.
2002). When both Cry34Ab1 and Cry35Ab1 were co-transformed into corn, excellent
protection against WCR larval feeding damage was observed. Mean root damage ratings
were < 2.0 (1-6 scale) compared to controls (> 4.5) (Moellenbeck et al. 2001). Dow
AgroSciences event 59122-7 containing the Cry34/35Ab1 binary protein was marketed
and released in 2005 (USEPA 2005).
The first coleopteran-active Cry protein isolated was Cry3A; however, this
protein was not toxic against Diabrotica spp. (Herrnstadt et al. 1986, MacIntosh et al.
1990, Slaney et al. 1992). Addition of a chymotrypsin/cathepsin G protease recognition
site to the loop between -helix 3 and -helix 4 of domain I resulted in toxicity against
neonate WCR larvae from the “mCry3A” toxin (Walters et al. 2008). Cry3A was
converted from a 67-kDa protein to a 55-kDa protein, which enhanced cleavage and
promoted specific binding to the WCR brush border membrane. In addition, this mutation
in Cry3A increased the spectrum of activity against other coleopteran pests (Walters et al.
2008). Transgenic corn expressing the mCry3A protein (event MIR604) was marketed
and released by Syngenta in 2006 (USEPA 2006).
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Variable-region exchange of the lepidopteran-active Cry1Ab protein with a
Cry3A region resulted in the formation of a hybrid Bt protein with rootworm-active
insecticidal properties, termed eCry3.1Ab (Walters et al. 2010). The results from this
study indicate that exchange of variable-regions across Bt Cry protein classes may result
in novel insecticidal activity (Walters et al. 2010). Previously, hybridization of different
Bt proteins has enhanced or increased the spectrum of insecticidal activity against the
beet armyworm (Spodoptera exigua (Hübner)) (de Maagd et al. 1996, 2000), Colorado
potato beetle (Leptinotarsa decemlineata (Say)) (Naimov et al. 2001), and the tobacco
budworm (Heliothis virescens (Fabricius)) (Karlova et al. 2005), although these hybrids
were formed solely from Cry1 domains. The eCry3.1Ab protein is processed to a soluble
~50-kDa form able to bind to WCR midgut brush border membranes. In vitro competitive
binding studies indicated that eCry3.1Ab interacts with different bindings sites than the
active form of mCry3A, providing an additional mode of action against WCR larvae and
increasing the durability of Bt protein pyramids (Walters et al. 2010). Syngenta’s
eCry3.1Ab protein (USEPA 2012a) was marketed and released in 2012 as part of a
pyramid also containing the mCry3A protein (USEPA 2013).
Utilizing single-protein Cry3Bb1, mCry3A, and/or Cry34/35Ab1-expressing
transgenic corn hybrids as a “silver bullet” has led to their overuse across the U.S. Corn
Belt. Growers across the Great Plains have been experiencing greater than expected root
injury and lodging in continuous cornfields expressing these Bt proteins (Gassmann et al.
2011, Gray 2012, Wangila et al. 2015). Greater than expected injury is confirmed when ≥
50% of transgenic corn plants tested experience ≥ 1.0 root node destroyed by a suspected
resistant WCR population (Oleson et al. 2005, Andow et al. 2016). To mitigate existing
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Bt resistance and slow resistance evolution, transgenic corn hybrids containing two Bt
proteins (i.e., pyramid) with unique modes of action have replaced single-protein hybrids
in recent years (Andow et al. 2016). The following rootworm-active Bt pyramids have
been registered in the United States: Cry3Bb1 + Cry34/35Ab1 (USEPA 2009), mCry3A
+ Cry34/35Ab1 (USEPA 2012b, 2012c), mCry3A + eCry3.1Ab (USEPA 2013).
Discovery of new rootworm-active insecticidal proteins continues to be an active
research area that will provide additional options for pyramids in the future (e.g.,
Schellenberger et al. 2016, Sampson et al. 2017, Wei et al. 2018, Bowen et al. 2020)
The incorporation of Bt proteins into various corn hybrids has provided many
growers with agronomic benefits such as increased root protection, higher grain yield,
and reduced incidence of stalk rot (Rice 2004). Use of transgenic corn has also decreased
exposure to hazardous insecticides, increasing worker safety and operational efficiency
(Rice 2004). Minimizing insecticide applications has also reduced run-off into waterways
and decreased the impact on non-target organisms such as honey bees (Apis mellifera L.)
(Hanley et al. 2003, Rose et al. 2007, Duan et al. 2008) and the monarch butterfly
(Danaus plexippus L.) (Sears et al. 2001, Jesse and Obrycki 2003, Anderson et al. 2004,
Mattila et al. 2005). The agronomic benefits and reduced environmental impacts
associated with cultivating transgenic corn has transformed WCR management programs
in the U.S. Corn Belt (Rice 2004).
1.5.2. Initial Efficacy of Commercially Available Bt Proteins Targeting WCR
Laboratory bioassays have confirmed the insecticidal properties of Cry proteins
against neonate WCR larvae (Vaughn et al. 2005, Ellis et al. 2002, Walters et al. 2008,
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2010). However, understanding the insecticidal properties of transgenic corn hybrids
expressing these Bt proteins is necessary to determine the efficacy of these products
under natural conditions.
Clark et al. (2012) investigated the mortality impact of transgenic corn expressing
the Cry3Bb1 protein (event MON863) on artificially infested WCR in Missouri, South
Dakota, Nebraska, and Iowa during the 2003 and 2004 growing seasons. Adult
emergence as a percentage of artificially infested eggs ranged from 0.02 to 0.10% in
Cry3Bb1 plots, significantly lower than the 1.09 to 7.14% from the non-Bt near-isoline
plots. Average WCR mortality due to Cry3Bb1 exposure was 98.49% between years, as
only 1.51% of WCR larvae exposed to Cry3Bb1 survived to adulthood relative to the
non-Bt control. Additionally, Cry3Bb1 exposure significantly delayed mean time to 50%
adult emergence by 18 days relative to non-Bt exposure. Extended development is a
common sublethal effect associated with exposure to Bt proteins (Nault et al. 2000,
Storer et al. 2001). Vaughn et al. (2005) documented reduced Cry3Bb1 root expression
levels between the V4 and V9 growth stages, potentially facilitating differences in larval
exposure over time. This hypothesis was not supported by results from Hibbard et al.
(2009), as larval recovery, adult emergence, and root injury did not differ between
different egg hatch times and corn phenologies. The significantly longer time to 50%
adult emergence may cause assortative mating between individuals surviving Cry3Bb1
exposure, increasing the presence of resistant alleles in a landscape.
In field experiments with event DAS-59122-7, Cry34/35Ab1 reduced adult
emergence by 96 to 99.4% (Storer et al. 2006). When taking density-dependent mortality
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into account, WCR larval mortality ranged from 99.14 to 99.98% (Storer et al. 2006).
Adult WCR weight was not significantly different between adults emerging from
Cry34/35Ab1 or non-Bt plots (Storer et al. 2006). Developmental delays were not
consistent across field sites or between years; density-dependent mortality in the non-Bt
plots may have compensated for this sublethal effect (Storer et al. 2006). In a greenhouse
experiment, Rudeen and Gassmann (2013) observed extended WCR development after
exposure to Cry34/35Ab1, but this was not observed in WCR larvae exposed to a
Cry34/35Ab1 seed blend containing non-Bt corn. Because developmental effects were
apparently absent, adults emerging from refuge or Bt plants were present at similar times,
promoting random mating.
The expression of the mCry3A protein in transgenic corn roots caused
significantly higher WCR larval mortality relative to non-Bt corn in three artificially
infested Missouri field sites during the 2005 and 2006 growing seasons (Hibbard et al.
2010a). Overall adult emergence as a percentage of viable eggs ranged from 0.01 to
1.41% in mCry3A plots compared to 0.82 to 11.76% adult emergence in non-Bt plots.
Average mortality due to mCry3A exposure was 94.88% between years across locations.
A 5.5-day extension in time to 50% adult emergence was also documented, although this
developmental effect was lower compared to Cry3Bb1 (Hibbard et al. 2010a). Average
head capsule widths of beetles emerging from non-Bt and mCry3A corn were not
significantly different, indicating MIR604 exposure did not significantly reduce beetle
size. Based on the results of laboratory (Walters et al. 2008) and field studies (Hibbard et
al. 2010a), mCry3A is not inherently as toxic to WCR as Cry3Bb1.
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Hibbard et al. (2011) used artificially infested field-cage studies to investigate the
mortality impact of the pyramid containing mCry3A and eCry3.1Ab across five Missouri
locations and three years. Significantly more adult WCR emerged from mCry3Aexpressing corn compared to eCry3.1Ab and the pyramid of both proteins. Although few
WCR emerged from plots containing the pyramided hybrid, 2x more beetles emerged
from eCry3.1Ab and 24-fold more beetles emerged from mCry3A alone. Average WCR
reduction in survival to the adult stage due to eCry3.1Ab exposure was 99.79% compared
to 97.83% after exposure to mCry3A. Exposure to the pyramid of both proteins led to an
average total mortality of 99.91%. Compared to the non-Bt, the average increase in time
to 50% emergence for mCry3A, eCry3.1Ab, mCry3A + eCry3.1Ab were 4.1, 8.0, and 4.6
days across locations and years, respectively. Additionally, mean head capsule width of
adults emerging from the mCry3A + eCry3.1Ab pyramid were not significantly different
from non-Bt plots (Hibbard et al. 2011).
SmartStax® is a rootworm-active pyramid comprised of the Cry3Bb1 (MON
88017, USEPA 2010a) and Cry34/35Ab1 (DAS-59122-7) proteins, as well as other
herbicide-tolerant traits and lepidopteran-active proteins (USEPA 2009). Results from 39
field sites in nine U.S. states conducted across 5 years indicated that SmartStax® provided
superior root protection compared to the individual proteins that comprise the pyramid
and the non-Bt control (Prasifka et al. 2013). The results also indicated no significant
difference in root protection between Cry3Bb1 and Cry34/35Ab1 as individual proteins.
SmartStax®, Cry3Bb1, and Cry34/35Ab1 all exhibited high levels of protection against
yield loss and plant lodging (Prasifka et al. 2013). Head et al. (2014) also documented
significantly lower root damage ratings on SmartStax® relative to Cry3Bb1,
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Cry34/35Ab1, and the non-Bt control. Reduction in adult emergence due to Bt exposure
ranged from 94 to 99.2% on Cry34/35Ab1 alone, 96.2 to 99.96% on Cry3Bb1 alone, and
98.2 to 99.97% on SmartStax®. Significantly fewer adults emerged from SmartStax®
plants versus the individual traits and the non-Bt control, indicating the pyramided
proteins provided greater control of WCR populations (Head et al. 2014). Results from
both studies suggest that pyramided proteins provide a key strategy for delaying
resistance to individual Bt proteins due to the presence of multiple modes of action within
a single product.
1.6. WCR Resistance to Bt Proteins
1.6.1. Insect Resistance Management (IRM)
The U.S. Environmental Protection Agency, under Section 3 of the Federal
Insecticide, Fungicide, and Rodenticide Act (FIFRA), mandates that registrants complete
and submit an insect resistance management plan before registration is completed for any
new Bt crop. The goal of resistant management is to increase the lifetime of new
management strategies by maintaining pest susceptibility (Hibbard et al. 2010a).
Understanding the biology and ecology of the pest species is vital to create an IRM plan.
Initial WCR IRM plans were similar to the high-dose refuge (HDR) strategy successfully
implemented for lepidopteran pests such as the European corn borer. A 20% structured
(i.e., block) refuge of non-Bt corn was required to be planted adjacent to or within the
80% single-protein Bt corn in a field. Ideally, the HDR strategy delays resistance due to
random mating of resistant and susceptible individuals, leading to the death of
heterozygous progeny due to the high-dose expressed in planta and an overall reduction
in resistance alleles in a field (Gould 1998, Cullen et al. 2013).
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High-dose is defined as 25x the dose necessary to kill 99.99% of a susceptible
insect population (USEPA 2001). The HDR strategy makes three critical assumptions: 1)
alleles conferring resistance to a Bt protein are rare, 2) random mating occurs between
susceptible and resistant individuals, and 3) plants produce a high-dose of the toxin,
making resistance functionally recessive (Gould 1998, Carrière et al. 2004, Andow et al.
2016). Violation of any assumption limits the overall effectiveness of the HDR strategy
in delaying resistance evolution.
Rapid resistance evolution in laboratory studies (Lefko et al. 2008; Meihls et al.
2008, 2011, 2012; Oswald et al. 2011, 2012) has indicated that resistance alleles are
common in natural WCR populations. Onstad and Meinke (2010) conducted a
retrospective analysis of laboratory selection experiments described in Meihls et al.
(2008) and Lefko et al. (2008) and concluded that initial resistance allele frequencies
were in the 0.05-0.2 range. These are much higher values than what would be expected if
alleles are rare. These factors clearly indicate the first assumption of the HDR strategy
was not met.
Recent studies on adult movement and male mating have indicated that previous
assumptions were incorrect (Spencer et al. 2012). Results from Kang and Krupke (2009)
indicated that the male mating period is shorter than previously thought; therefore, it is
likely that males move shorter distances prior to mating, which promotes assortative
mating of resistant individuals. Reduced adult interfield movement (Marquardt and
Krupke 2009, Spencer et al. 2009) and mean delays in time to 50% emergence (Storer et
al. 2006, Hibbard et al. 2011, Clark et al. 2012) also facilitate assortative mating between
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resistant individuals. Collectively, these findings violate the second assumption of the
HDR strategy, potentially accelerating resistance evolution to Bt proteins (Deitloff et al.
2016).
Less than high-dose toxin levels have the potential to facilitate resistance
evolution due to an increase in the functional dominance of resistance (Carrière et al.
2010, Tabashnik et al. 2013). All currently registered rootworm-active single Bt proteins
and pyramided hybrids are expressed at less than high-dose levels (Storer et al. 2006;
Meihls et al. 2008; Binning et al. 2010; Hibbard et al. 2010a, 2011; Head et al. 2014;
Frank et al. 2015, Campbell et al. 2017) as defined by the U.S. EPA (USEPA 2001).
Because these proteins are not expressed at a high-dose, the third assumption of the HDR
strategy is violated because resistance may not be functionally recessive (Ingber and
Gassmann 2015). The HDR strategy is insufficient to slow potential WCR resistance
evolution due to the violation of all three critical assumptions.
Beginning in 2010, the U.S. Environmental Protection Agency approved the
integrated refuge (i.e., seed blend), in which Bt and non-Bt corn seed are mixed in preestablished proportions (USEPA 2010b). These proportions are typically 90:10 or 95:5 Bt
to non-Bt seed (USEPA 2010b, 2011; Hibbard et al. 2011). Integrated refuges pose many
benefits for resistance management. Research from the early 2000s indicated some
growers did not comply with the 20% block refuge requirement, facilitating quicker
resistance evolution (Jaffe 2009, Gassmann et al. 2011). Because the integrated refuge is
already incorporated with Bt corn when the corn seed is purchased, 100% grower
compliance with refuge requirements is achieved. Proximity of refuge and Bt plants can
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also promote random mating between resistant and susceptible insects due to the research
findings on male mating and adult movement described above (Kang and Krupke 2009,
Marquardt and Krupke 2009, Spencer et al. 2009).
These findings imply that use of the HDR strategy as a stand-alone IRM strategy
is not sufficient to delay WCR resistance evolution to Bt proteins. Rootworm-active Bt
hybrids expressing less than high-dose proteins require additional resistance management
strategies to be conducted within an IPM framework. The most recent draft of the U.S.
Environmental Protection Agency’s “Framework to Delay Corn Rootworm Resistance”
requires IRM programs to utilize many IPM strategies to mitigate and delay further WCR
resistance to Bt proteins (USEPA 2016). Some of these IPM strategies include: 1) crop
rotation (destroys most resistant individuals), 2) rotating Bt proteins planted (reduces
selection pressure placed on individual protein), 3) adulticide application (reduce adult
feeding and population size), and 4) farm- or area-wide management due to importance
of localized selection pressure.
The main IRM strategy currently used by corn growers is pyramided Bt hybrids.
Presence of multiple Bt proteins in a single root leads to redundant killing. Insects
susceptible to both Bt proteins will be killed “twice,” while insects resistant to one
protein in the pyramid will still die because of exposure to the second protein provided no
cross-resistance occurs between proteins (Gould 1998, Carrière et al. 2015). Modeling by
Onstad and Meinke (2010) concluded that pyramided Bt hybrids delayed resistance
evolution longer than single-protein hybrids. Results also indicated that pyramided
proteins are more durable in landscapes without the presence of single-protein hybrids. A
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model created by Martinez and Caprio (2016) investigating the impact of IPM strategies
with deployment of a less than high-dose pyramids indicated that increased IPM adoption
in a region favors delayed resistance to pyramided Bt proteins. Non-selective periods
(i.e., use of non-Bt corn) between transgenic hybrid use can also extend the lifetime of
less than high-dose pyramids. Therefore, the phasing out of single-protein rootwormactive Bt hybrids may help increase the durability and efficacy of rootworm-active
pyramids.
1.6.2. Stepwise Process Used to Confirm WCR Field-Evolved Resistance
Initial WCR IRM plans were comprised of four components: 1) a 20% structured
refuge (i.e., HDR strategy), 2) resistance monitoring program, 3) remedial action plan,
and 4) grower compliance and education program (USEPA 2012d, Andow et al. 2016).
Resistance monitoring programs are used to detect resistance prior to areawide resistance
issues. This involves testing WCR populations for susceptibility shifts and receiving
grower reports of unexpected injury. Four steps are involved in resistance management:
1) performance inquiry, 2) unexpected damage, 3) suspected resistance, and 4) confirmed
resistance (USEPA 2003, 2005, 2006; Andow et al. 2016).
Performance inquiries begin when a grower perceives a problem with the Bt
product cultivated. The technology provider (i.e., industry group) samples roots to
determine if unexpected injury has occurred. If unexpected injury is present and Bt
protein expression levels are normal, the field is determined to have a suspected resistant
WCR population. Adult WCR are collected and laboratory bioassays are conducted on F1
progeny to quantify or confirm resistance. Confirmed resistance often results in the
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technology provider advising growers to implement remedial actions (USEPA 2012d,
Andow et al. 2016). Resistance is confirmed if a diet-based bioassay LC50 exceeds the
95% confidence interval of the LC50 for susceptible insects or over 50% of transgenic
roots have > 1.0 root nodes pruned in greenhouse assays (Andow et al. 2016). Because
WCR eggs must undergo obligatory diapause, this process can take up to 14-16 months
to complete.
Andow et al. (2016) proposed an adaptive sequence of events for IRM programs.
This model is based on determining if unexpected crop injury occurs, which is a measure
of the effect of pest activity on physiology and morphology of the host plant (Pedigo et
al. 1986). Unexpected injury can be documented earlier in the growing season and allows
growers to take remedial action quicker to avoid extensive damage (Andow et al. 2016).
The adaptive sequence also follows four distinct steps: 1) product performance inquiry,
2) unexpected injury, 3) confirmed resistance, and 4) area-wide resistance (Andow et al.
2016).
Many risk factors can promote unexpected root injury. Continuous cultivation of
corn with same Bt protein for 3+ consecutive years promotes unexpected injury and
subsequent resistance evolution (Gassmann et al. 2011, Wangila et al. 2015, Reinders et
al. 2018). Late planting of transgenic corn can act as a trap crop for adults (Darnell et al.
2000), as WCR are attracted to fresh silks and pollen (Prystupa 1998, Meinke et al.
2009). This facilitates increased egg laying in late-planted fields (Hill and Mayo 1974)
and an increased population the following growing season. Plant lodging after the late
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whorl stage (Reidell 1990, Spike and Tollefson 1991, Godfrey et al. 1993) and high adult
densities (Branson et al. 1980) can indicate moderate to unexpected severe root injury.
Documenting unexpected root injury in a Bt field involves sampling roots after
peak injury by excavating root masses from the soil and quantifying the level of root
injury using the 0-3 scale (Oleson et al. 2005). The root injury thresholds (1.0 for singleprotein, 0.5 for pyramided proteins) (USEPA 2014) are based on the historical
performance of Bt proteins and allow for detection of unexpected injury due to subtle
shifts in WCR susceptibility. Confirming the expression of Bt proteins in planta
qualitatively with immunochromatography (i.e., QuickStix) is also required to document
unexpected injury. Confirmation of unexpected injury occurs when Bt protein expression
is present and root damage exceeds the root injury threshold established (Andow et al.
2016).
Field-evolved resistance is defined as a genetically based decrease in pest
susceptibility to a specific management tactic or strategy (Tabashnik et al. 2009, 2014).
Small increases in WCR survival on transgenic corn are sufficient to cause increased
feeding injury (Gassmann et al. 2011, Meihls et al. 2012, Wangila et al. 2015). Therefore,
methods used to document WCR Bt resistance must be rapid, repeatable, and sensitive to
subtle changes in pest susceptibility (Andow et al. 2016). Diet-based (Siegfried et al.
2005, Zukoff et al. 2016) and plant-based (Nowatzki et al. 2008, Gassmann et al. 2011)
bioassays are used to test the F1 progeny of Bt survivors (Sumerford et al. 2013,
Tabashnik et al. 2014). If corrected survival (Abbott 1925) of the WCR population on the
Bt hybrid is significantly greater than susceptible WCR control populations collected
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prior to commercialization of Bt proteins, resistance is confirmed (Andow et al. 2016).
The final step in the model proposed by Andow et al. (2016) is to contain area-wide
resistance to link documented resistance with economic loss at the appropriate spatial
scale.
1.6.3. Laboratory-Selected WCR Resistance to Bt Proteins
Multiple laboratory and greenhouse studies have investigated the impact of
continuous selection pressure placed on WCR populations. Meihls et al. (2008)
documented a 22-fold increase in the LC50 of a field-derived Cry3Bb1-selected WCR
colony (collected near Dodge City, Kansas) compared to a control colony after three
generations of constant selection; these results were supported by Meihls et al. (2012).
After six generations of selection, the percent survival on Cry3Bb1 corn relative to nonBt corn was 11.7-fold greater in the Cry3Bb1-selected colony (44.4%) compared to the
control colony (3.79%) (Meihls et al. 2008). Larval dry weight was not significantly
different between the Cry3Bb1-selected colony and the control colony. After 10
generations of selection, Oswald et al. (2011) documented > 4x average adult
survivorship on Cry3Bb1-selected WCR strains compared to control populations after
moderate and intense selection schemes with Bt or non-Bt seedlings. Low heritability
values for the moderate- (h2=0.16) and intensely selected (h2=0.16) WCR strains
indicated that genetic variation accounts for a small proportion of the total variation for
Bt resistance. Therefore, it was concluded that environmental variation, rather than
genetic variation, is a key factor influencing Bt resistance (Oswald et al. 2011).
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Two unselected WCR laboratory populations (Rochelle, IL and York, NE) were
selected using Cry34/35Ab1 for 10 and 11 generations, respectively, using a seedling mat
technique (Lefko et al. 2008). Overall, more third instar WCR were recovered from both
selected strains compared to the unselected strains across generations (Rochelle: 49.8%
versus 14.1%; York: 53.3% versus 15.5%). Heritability values after 10 and 11
generations of Cry34/35Ab1 selection were low for both Rochelle (h2=0.10) and York
(h2=0.11) selected strains, supporting the results reported by Oswald et al. (2011). These
results suggested the presence of a tolerance trait in WCR populations conferring a low
level of survival on Cry34/35Ab1, although this trait appeared to act independently of a
single allele conferring resistance to this protein. Extended developmental time
associated with Cry34/35Ab1 exposure (Storer et al. 2006) may be due to this tolerance
trait.
Compared to Cry3Bb1, selection for resistance to mCry3A developed more
slowly (i.e., 7-10 generations) under similar selection and assay procedures (Meihls et al.
2011). LC50 resistance ratios of 0.5, 4.3, and 15.4 were documented after four, seven, and
ten generations of selection, respectively. Even after 14 generations of selection, mCry3A
resistance was still incomplete (i.e., reduced growth on Bt plants relative to non-Bt
plants). In contrast to previous studies, larval and adult heritability values (h2=0.66 and
1.03, respectively) indicated that mCry3A resistance is inherited non-recessively (Meihls
et al. 2016). Another study indicated that mCry3A resistance was autosomally inherited
and incompletely recessive (Zhao et al. 2016). WCR larvae from an mCry3A-resistant
colony exhibited reduced binding of the protein to midgut brush border membrane
vesicles compared to a susceptible WCR colony (Zhao et al. 2016).
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A low level of resistance to eCry3.1Ab was documented after four generations of
selection (Frank et al. 2013). Greater LC50 values (resistance ratio of 2.58) were observed
after 11 generations of on-plant selection with eCry3.1Ab corn. Plant damage and larval
recovery after four generations of selection indicated that incomplete resistance could
develop over time; however, eCry3.1Ab is not available as a single-protein hybrid. Due
to the incorporation of another Bt protein with eCry3.1Ab, resistance to this protein is
likely to develop more slowly, although cross-resistance with Cry3Bb1 and mCry3A has
been documented (Zukoff et al. 2016).
1.6.4. Field-Evolved WCR Resistance to Commercially Available Bt Proteins
Gassmann et al. (2011) conducted single-plant larval bioassays on F1 progeny of
WCR adults collected in 2009 from Cry3Bb1 problem (i.e., greater than expected injury
as defined by the EPA) and control fields in Iowa. Average root feeding injury in
problem fields was 1.8 ± 0.7 nodes, which was above the root injury threshold
established for single-protein Bt hybrids that triggers the process to confirm resistance
(USEPA 2014). Grower interviews indicated problem fields were characterized by
continuous planting of Cry3Bb1-expressing corn for at least three growing seasons,
which has been associated with decreased WCR susceptibility levels to Cry3Bb1 (Meihls
et al. 2008, Wangila et al. 2015, Dunbar et al. 2016, Reinders et al. 2018). Bioassay
results indicated larval survival on Cry3Bb1 corn was 3x greater for WCR collected from
problem fields compared to control fields. Similar results were observed from problem
fields collected in 2010 (Gassmann et al. 2012) and 2011 (Gassmann et al. 2014).
Problem field larval survival was significantly lower on Cry3Bb1 relative to the non-Bt
control, indicating resistance was incomplete. However, problem and control field larval
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survival on Cry34/35Ab1 corn was not significantly different, indicating no crossresistance between Cry3Bb1 and Cry34/35Ab1 proteins occurs (Gassmann et al. 2011).
This lack of cross-resistance has been corroborated by many additional studies
(Gassmann et al. 2012, 2014; Wangila et al. 2015; Jakka et al. 2016; Zukoff et al. 2016;
Schrader et al. 2017). Results from larval bioassays of Cry3Bb1 problem fields collected
in 2011 indicated similar survival of WCR larvae on Cry3Bb1 and mCry3A, confirming
cross-resistance between these two proteins (Gassmann et al. 2011; see also Wangila et
al. 2015, Zhao et al. 2016, Schrader et al. 2017), although the level of cross-resistance
observed has been variable (Zukoff et al. 2016, Reinders et al. 2018). Further research
has also indicated cross-resistance between Cry3Bb1, mCry3A, and eCry3.1Ab
rootworm-active proteins (Jakka et al. 2016, Zukoff et al. 2016).
Gassmann (2021) identifies several factors that likely contributed to the rapid
development of WCR field-evolved resistance to Bt corn. These factors include: 1) an
IRM program based on the refuge strategy with inaccurate assumptions about WCR
biology, particularly WCR movement before and after mating, 2) failure of WCR Bt
proteins to be expressed at a high-dose in planta, leading to non-recessive inheritance of
resistance, 3) a higher frequency of resistance alleles present in natural populations than
previously expected, and 4) minimal fitness costs of Bt resistance (Gassmann 2021).
Field-evolved resistance to Cry3Bb1 was also confirmed in Illinois beginning in
2012 (Gray 2012). Fields in two northwest Illinois counties (Henry and Whiteside)
experienced severe WCR root injury; investigation of field histories indicated a
consistent reliance on Cry3Bb1-expressing hybrids for WCR control in these areas.
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Subsequent bioassays indicated the presence of Cry3Bb1 resistance in McDonough,
Mercer, and Sangamon counties (Gray 2014). Bioassays conducted on field-collected
WCR populations in LaSalle and Whiteside counties also confirmed Cry3Bb1 resistance
(Schrader et al. 2017).
Eight Cry3Bb1 problem fields (i.e., average root injury rating ≥ 1.00) were
identified in northeast and southwest Nebraska between 2011 and 2012. These fields
were characterized by moderate to severe feeding injury and corn lodging due to
continuous cultivation of Cry3Bb1-expressing hybrids (Wangila et al. 2015). Field
history and larval bioassay data indicated that incomplete resistance to Cry3Bb1 had
evolved in Nebraska WCR populations. Larval bioassays conducted on WCR progeny
collected in Keith (southwest) and Buffalo (south-central) counties during 2015 and 2016
confirmed incomplete resistance to Cry3Bb1 and mCry3A (Reinders et al. 2018).
Complete resistance (i.e., equal survival on Bt and non-Bt corn; see Gassmann et al.
2016) was also documented in a few WCR field populations. A mosaic of WCR
susceptibility to Cry3Bb1 and mCry3A was documented in each landscape; areas of
susceptibility and resistance could be found within 2.2km of each other. Field history
data was highly predictive of WCR survival in larval bioassays, indicating that
management at the local level was a key factor driving resistance evolution (Reinders et
al. 2018; see also Gassmann et al. 2011, Wangila et al. 2015, Miller and Sappington
2017). These results also support the use of IRM strategies within an IPM framework to
slow resistance evolution or mitigate existing resistance (Andow et al. 2016, USEPA
2016).
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Diet, seedling, and single-plant bioassays have been used to confirm Cry3Bb1
resistance in WCR field populations collected in additional Iowa counties (Dunbar et al.
2016, Jakka et al. 2016, Shrestha et al. 2016), Minnesota (Zukoff et al. 2016), and North
Dakota (Calles-Torrez et al. 2019) in areas where continuous cultivation of corn
expressing the Cry3Bb1 protein has favored resistance evolution. WCR field populations
in South Dakota (Ordosch et al. 2016) may be in the early stages of resistance evolution
to the Cry3Bb1 protein.
Adult WCR were collected in 2013 from nine Iowa fields with greater than
expected injury to single-protein Cry34/35Ab1 hybrids (i.e., ≥ 2.00 nodes of injury) or
pyramided hybrids containing Cry34/35Ab1 (i.e., ≥ 1.00 nodes of injury) (Gassmann et
al. 2016). Bioassay results confirmed the first reported case of incomplete resistance to
Cry34/35Ab1 in the U.S. Corn Belt. The results also confirmed complete resistance to
Cry3Bb1 and mCry3A, significantly reducing the efficacy of pyramided products in these
areas. Incomplete resistance to Cry34/35Ab1 was also confirmed by Ludwick et al.
(2017) from a SmartStax problem field in Minnesota, as the LC50 value of the suspected
Cry34/35Ab1-resistant population was 4.71x greater than the laboratory control in diet
toxicity assays. Relative survival of the field population on Cry34/35Ab1 roots was also
significantly greater compared to the laboratory control, confirming incomplete
resistance. High injury to Bt-expressing roots is a potential indicator of a resistant WCR
population. A mean root damage rating of 0.92 (0-3 scale, Oleson et al. 2005) for plants
expressing Cry34/35Ab1 compared to 1.69 in the non-Bt control was observed in
Cuming County, Nebraska, during 2015 (Head et al. 2017). Field history data indicated
periodic and continuous use of Cry3Bb1 and Cry34/35Ab1 hybrids within the past 15
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years. Although not confirmed with bioassays of F1 progeny, the significant root injury
suggested the population had evolved resistance to Cry34/35Ab1.
Confirmation of Cry34/35Ab1 resistance indicates the efficacy of the four
commercially available rootworm-active Bt proteins is compromised in areas of the U.S.
Corn Belt and novel modes of action are necessary to manage WCR populations
effectively. Widespread resistance to Cry3Bb1 has been documented in many states
across the Corn Belt, and cross-resistance with mCry3A and eCry3.1Ab renders these
two proteins ineffective in areas where Cry3Bb1 resistance is present. The first
indications of Cry34/35Ab1 resistance highlight the importance of utilizing a multi-tactic
IPM approach to manage WCR density/injury and to slow resistance evolution or
mitigate existing resistance. Increased emphasis should also be placed on developing
adequate resistance monitoring programs for pyramided Bt hybrids. To date, reports of
greater than expected injury to rootworm-Bt pyramids have been documented in areas of
the U.S. Corn Belt and field-evolved resistance has been confirmed in North Dakota
(Calles-Torrez et al. 2019) and Iowa (Gassmann et al. 2020). Understanding current and
future pyramided product performance under natural conditions is important for product
stewardship, grower use of the product, and developing IRM recommendations.
1.7. Fitness Costs Associated with Resistance to Bt Proteins
Fitness is defined as the ability of an individual within a population to survive and
produce viable offspring (Tabashnik et al. 2014). A fitness cost is defined as “a trade-off
in which alleles conferring resistance to a pesticide reduce fitness in an environment
lacking the pesticide” (Tabashnik et al. 2014). In other words, fitness is lower for
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resistant insects compared to susceptible insects in the absence of selection pressure (i.e.,
Bt protein) (Gassmann et al. 2009a). Presence of fitness costs in insect populations may
delay resistance evolution to Bt proteins. In contrast, the absence of fitness costs may
allow resistance alleles to persist within a population for long periods of time. This has
been documented in WCR populations exhibiting insecticide resistance to aldrin and
methyl-parathion (Parimi et al. 2006, Meinke et al. 2021) and Cry3Bb1 resistance
(Gassmann et al. 2012, Wangila and Meinke 2017, St. Clair et al. 2020).
Gassmann et al. (2009) found 77 studies in the literature measuring fitness costs
of Bt resistance in 18 different insect species, many of which were within the order
Lepidoptera. Fitness costs were documented in 62% of selection experiments and in 34%
of fitness parameter comparisons. Although most studies investigating fitness costs of Bt
resistance have been conducted under laboratory or greenhouse conditions, determining
fitness costs of Bt resistance under natural conditions is important for developing optimal
IRM plans to delay resistance evolution to Bt proteins.
1.7.1. Fitness Costs of WCR Resistance to Bt Proteins
Rootworm-active Bt proteins are not expressed at a high-dose in transgenic corn.
Therefore, the inheritance of resistance promoting WCR survival on Bt proteins may be
non-recessive (Gould 1998), potentially increasing the rate of resistance evolution
(Tabashnik et al. 2008). Non-recessive inheritance of resistance in WCR has been
documented in numerous studies (Meihls et al. 2008, Petzold-Maxwell et al. 2012,
Hoffmann et al. 2015, Ingber and Gassmann 2015, Paolino and Gassmann 2017, Shrestha
and Gassmann 2020), as recently summarized in a review article by Gassmann (2021).
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Fitness costs of Bt resistance can delay resistance evolution by removing resistance
alleles from refuge populations when a non-Bt refuge is deployed (Carrière and
Tabashnik 2001, Gassmann et al. 2009a). Presence of fitness costs in a population can
also decrease the frequency of resistance alleles after selection pressure is removed.
A common method used to determine the presence of fitness costs is to evaluate
life-history traits such as size, longevity, fecundity, and developmental rate that can
contribute to fitness of a resistant population in the absence of Bt relative to a susceptible
population. Gassmann (2021) recently summarized the results from published studies
comparing life-history traits of WCR populations with laboratory-selected or fieldevolved resistance, which produced variable results regarding the presence and degree of
fitness costs associated with WCR Bt resistance. The general conclusion was made that
some fitness costs can be associated with WCR Bt resistance, but the overall effect is
minimal. Some key examples are discussed below.
Meihls et al. (2012) selected three field-collected WCR populations for Cry3Bb1
resistance while also maintaining a susceptible colony from each population. The
performance of the Cry3Bb1-selected and susceptible colonies was compared under
laboratory, greenhouse, and field tests to determine fitness costs on non-Bt corn. No
fitness costs affecting survival to adulthood, larval or adult head capsule width, larval or
adult weight, female longevity, or egg viability were documented. However, laboratory
and greenhouse studies indicated fitness costs affecting egg production and male
longevity of Cry3Bb1-selected populations on non-Bt corn were observed relative to
susceptible colonies. The potential rate of population increase per generation on non-Bt
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corn was 66% for Cry3Bb1-selected colonies relative to the susceptible colonies (Meihls
et al. 2012).
The life history parameters survival to adult, fecundity, and egg viability were
assessed in five WCR laboratory-selected Cry3Bb1-resistant colonies on Cry3Bb1expressing and non-Bt corn (Oswald et al. 2012). Results from laboratory experiments
indicated that Cry3Bb1-resistant colonies exhibited increased fecundity and faster
developmental rates, posing a relative fitness advantage for individual WCR with
resistance alleles in both Bt and non-Bt cornfields. Hoffmann et al. (2015) reported
similar results; a 20.1% increase in longevity and 30.6% increase in fecundity were
observed in a laboratory-selected Cry3Bb1-resistant WCR strain compared to a
susceptible strain. However, reduced larval developmental rate and egg viability in the
selected Cry3Bb1-resistant strain led to 2.8% and 9.8% fitness costs, respectively.
Overall meta-analysis of all fitness data indicated a 4.8 ± 10.0% fitness benefit associated
with WCR resistance to Cry3Bb1 (Hoffmann et al. 2015). Averaging of life-history traits
associated with survival and reproduction posed a fitness benefit of 7.0 ± 20.8%.
Ingber and Gassmann (2015) characterized the fitness costs of Cry3Bb1 resistance
in two non-diapausing WCR strains with field-evolved resistance. Field-collected
Cry3Bb1-resistant WCR were crossed with a non-diapausing Bt-susceptible strain,
allowing for more generations of selection per year. The Hopkinton and Cresco
Cry3Bb1-resistant strains were collected from fields with continuous cultivation of
Cry3Bb1 corn for 7 and 5 consecutive years, respectively. Plant-based bioassays
indicated complete resistance to Cry3Bb1 in the Hopkinton strain and incomplete
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resistance in the Cresco strain (Ingber and Gassmann 2015). Growth chamber
experiments were used to assess survival to adulthood, larval developmental rate, size,
longevity, fecundity, and egg viability. The results indicated that no fitness costs were
associated with Cry3Bb1 resistance in the Hopkinton strain. However, fitness costs of
reduced larval developmental rate, survival to adulthood, and fecundity were observed in
the Cresco strain (Ingber and Gassmann 2015). Variability in the two strains suggest that
different rates and levels of Cry3Bb1 resistance evolution may occur in different fields
throughout the landscape (Ingber and Gassmann 2015).
Recently, Shrestha and Gassmann (2020) quantified the fitness costs associated
with Cry3Bb1 resistance in 8 diapausing WCR field populations. These populations
exhibited a wide range of resistance to the Cry3Bb1 protein, with corrected survival
values ranging from 0.56 to 1.28. Regression analyses conducted between corrected
survival on Cry3Bb1 (level of Cry3Bb1 resistance) and life history parameters including
survival to adulthood, adult emergence timing, and adult dry mass were not significant,
indicating a lack of fitness costs associated with these life history parameters. However, a
significant inverse relationship between corrected survival on Cry3Bb1 and adult head
capsule width in both males and females was observed, suggesting that Cry3Bb1
resistance may pose a fitness cost affecting adult size. Collectively, these studies have
indicated that fitness costs associated with Cry3Bb1 resistance are present, although the
effects on delaying resistance evolution have been minimal.
Ecological conditions, such as the presence of entomopathogens (Gassmann et al.
2006, Raymond et al. 2007), host plant (Carrière et al. 2005), and competition (Raymond
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et al. 2005), can also influence the magnitude and dominance of fitness costs. Fitness
costs of resistance to Bt in the pink bollworm, Pectinophora gossypiella (Saunders), were
magnified by the presence of two entomopathogenic nematodes (Gassmann et al. 2009b);
entomopathogenic nematodes can also serve as biological control agents against a variety
of insect pests (Kaya and Gaugler 1993, Georgis et al. 2006). Petzold-Maxwell et al.
(2012) assessed the fitness costs of a laboratory-selected Cry3Bb1-resistant WCR strain
in the presence of two entomopathogenic nematode species, Steinernema carpocapsae
Weiser and Heterorhabditis bacteriophora Poinar. Both nematode species have caused
WCR larval mortality (Wright et al. 1993, Krueger and Roberts 1997, Toepfer et al.
2008) and have been observed in cornfields (Pilz et al. 2008). Results from bioassays
indicated that nematode presence did not significantly affect fitness costs of Bt resistance,
indicating that application of entomopathogenic nematodes to non-Bt refuges would not
aid in delaying resistance evolution to Bt proteins (Petzold-Maxwell et al. 2012).
Hoffmann et al. (2014) also assessed the impact of two entomopathogenic nematodes, H.
bacteriophora and Steinernema feltiae Filipjev, and two entomopathogenic fungi,
Beauvaria bassiana (Balsamo) Vuillemin and Metarhizium brunneum (Metschnikoff)
Sorokin, on fitness costs of Cry3Bb1 resistance in WCR. Bioassay results indicated that
these two types of entomopathogens will not delay resistance evolution to Bt proteins due
to the lack of fitness costs observed.
Sublethal seedling assays (Nowatzki et al. 2008, Petzold-Maxwell et al. 2012) or
single-plant bioassays (Gassmann et al. 2011) allow researchers to assess life-history
traits of WCR populations on Bt and non-Bt corn to estimate population susceptibility via
larval developmental rate (i.e., instar determination via larval head capsule width
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(Hammack et al. 2003)). Head capsule width is commonly used to assess fitness of corn
rootworm larvae and adults (Branson and Sutter 1985, Xie et al. 1992, Chege et al. 2005,
Li et al. 2009). Additional studies have indicated a positive relationship between head
capsule width and lifetime female fecundity (Branson and Sutter 1985, Li et al. 2009).
Male longevity has also been positively correlated with head capsule width (Li et al.
2009). Reasons for differences in head capsule width can be difficult to determine.
Differences in adult head capsule width often occur from larval exposure to stressors
(Branson and Sutter 1985), such as sublethal exposure to Bt proteins (Murphy et al. 2011)
or density-dependent effects (Hibbard et al. 2010b). Murphy et al. (2011) observed
smaller head capsule widths of males emerging from Cry3Bb1-expressing corn compared
to the non-Bt refuge (i.e., reduced fitness). Sublethal exposure of male WCR to Bt
proteins resulting in decreased head capsule width may help delay resistance evolution,
as reduced head capsule width has been correlated with decreased male mating capacity
(Murphy and Krupke 2011).
The prevalence of non-recessive inheritance and a lack of fitness costs associated
with Cry3Bb1 resistance observed in many research studies indicates that the refuge
strategy is not sufficient to delay resistance evolution to rootworm-active Bt proteins.
These findings underscore the importance of utilizing a multi-tactic IPM approach to
manage WCR populations (Andow et al. 2016, Gassmann 2016). As stated previously,
pyramided Bt hybrids, rotation of Bt proteins cultivated, use of soil-applied insecticides
with non-Bt corn, and crop rotation can aid in delaying resistance evolution to Bt
proteins.
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1.8. Use of RNA Interference for Pest Management
The term “RNA interference” (RNAi) was first coined by Fire et al. (1991) to
refer to post-transcriptional gene silencing in the nematode, Caenorhabditis elegans
(Maupas). The RNAi mechanism is present in most eukaryotic cells and involves the use
of double-stranded RNA (dsRNA), a class of non-coding RNAs (ncRNAs) to regulate
gene expression via mRNA degradation (Fire et al. 1998).
Administration of dsRNA can occur via in vivo feeding (Timmons and Fire 1998;
Timmons et al. 2001; Baum et al. 2007; Mao et al. 2007, 2011; Rangasamy and Siegfried
2012), injection (Fire et al. 1998, Tabara et al. 1998, Grishok et al. 2000, Alves et al.
2010), or exogenous application (Tabara et al. 1998, 1999). Huvenne and Smagghe
(2010) review two mechanisms of dsRNA uptake, which are required for an RNAi
response: 1) transmembrane channel-mediated uptake mechanism, and 2) endocytosismediated uptake mechanism. The transmembrane channel-mediated uptake mechanism
of C. elegans is the most well-described. The systemic RNA interference-defective-1
(SID-1) protein functions as a channel to allow passive transport of dsRNA between cells
(Feinberg and Hunter 2003). In contrast, systemic RNAi has not been documented in D.
melanogaster, as no sid gene orthologs have been discovered. Research suggests the
importance of clathrin-mediated endocytosis has been documented in D. melanogaster
(Saleh et al. 2006); the desert locust, Schistocerca gregaria Forsskål (Wynant et al.
2014); the red flour beetle, Tribolium castaneum (Herbst) (Xiao et al. 2015); the
Colorado potato beetle (Cappelle et al. 2016, Yoon et al. 2016); and the western corn
rootworm (Pinheiro et al. 2018).
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Double-stranded RNA molecules are cleaved into small interfering RNAs
(siRNAs) of ~21-25 nucleotides (nt) via a ribonuclease III enzyme, Dicer (Ketting et al.
1999, Bernstein et al. 2001, Zhu and Palli 2020). These siRNAs contain ~2-nt 3’
overhangs that are recognized by enzymes of the RNAi machinery (Zamore et al. 2000,
Elbashir et al. 2001). The siRNA is unwound, and the guide strand is bound to the
Argonaute (AGO) protein and other proteins forming the RNA-induced-silencing
complex (RISC) (Tabara et al. 1999, Siomi and Siomi 2009). RISC is responsible for
mediating mRNA degradation or translation repression by binding to complementary
nucleotide sequences of the target mRNA via the guide strand sequence (Winter et al.
2009, Röther and Meister 2011). In most eukaryotes, excluding insects and vertebrates,
the remaining siRNA strand induces secondary siRNA synthesis through the RNAdependent RNA polymerase (RdRP). The RdRP enzyme has not been discovered in
insects. However, systemic RNAi is observed in insects, but the specific mechanism and
the form of the signal is yet to be described (siRNA or dsRNA) (Vélez and Fishilevich
2018).
Initial studies investigating RNAi on model insects such as Drosophila (Bellés
2010) and Tribolium (Tomoyasu and Denell 2004, Tomoyasu et al. 2008) utilized
injection as a delivery method. Because injection is not practical for pest management
under field situations, RNAi feeding studies were conducted to determine the practicality
of RNAi for use in pest management. Addition of dsRNA to artificial diet resulted in
knockdown of target genes in Lepidoptera (Turner et al. 2006, Mao et al. 2007, Bautista
et al. 2009), Hemiptera (Araujo et al. 2006), Diptera (Walshe et al. 2009, Zhang et al.
2010, Li et al. 2011, Coy et al. 2012), Isoptera (now Blattodea) (Zhou et al. 2008), and
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Coleoptera (Baum et al. 2007). However, it is important to note that limited and varied
efficacy has been reported against some dipteran and lepidopteran species (Rajagopal et
al. 2002, Bellés 2010, Huvenne and Smagghe 2010, Terenius et al. 2011). Chemical
hydrolysis of RNA, RNAse(s) presence, high midgut pH, and lack of endosomal release
can negatively impact dsRNA uptake via feeding (Price and Gatehouse 2008, Terenius et
al. 2011, Luo et al. 2013, Baum and Roberts 2014, Shukla et al. 2016, Yoon et al. 2017),
indicating potential reasons for the differences in RNAi efficacy in insect species.
The specificity of dsRNAs for insect control have been well-documented.
Individual dsRNAs inhibiting -tubulin gene expression in four Drosophila species
caused the highest level of mortality in the Drosophila species with the conspecific gene
sequence; little mortality was observed in the other species without the target sequence
(Whyard et al. 2009). A similar result was observed when dsRNAs targeting the vATPase
genes in the red flour beetle, the tobacco hornworm (Manduca sexta (L.)), the pea aphid
(Acyrthosiphon pisum (Harris)), and the common fruit fly (D. melanogaster Meigen)
were tested (Whyard et al. 2009). Significant mortality was only observed in species with
conspecific target sequences to the dsRNA construct.
The development of RNAi as a crop protection technology requires feeding
methodologies that protect the dsRNA targeting the insect pest from internal and
environmental degradation (Price and Gatehouse 2008, Huvenne and Smagghe 2010,
Burand and Hunter 2013, Christaens et al. 2020). After exposure, dsRNA must reach the
midgut and uptake must occur via microvilli of epithelial gut cells to trigger the RNAi
machinery. In order to be effective against insects, the dsRNA must target a gene vital to
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the cell (i.e., housekeeping gene) (Huvenne and Smagghe 2010, Burand and Hunter
2013).
During the early 2000s, two breakthrough studies indicated that in-planta
expression of dsRNA (i.e., transgenic plants) can successfully silence insect genes (Baum
et al. 2007, Mao et al. 2007). Tobacco (Nicotiana tabacum L.) plants genetically
modified with RNAi activity targeting the cytochrome p450 monooxygenase gene
(CYP6AE14) in the cotton bollworm, H. armigera, inhibited CYP6AE14 expression in
this polyphagous crop pest (Mao et al. 2007). Inhibition of CYP6AE14 increases H.
armigera susceptibility to gossypol, a plant defense compound, and inhibited larval
growth. Baum et al. (2007) expressed the lethal gene, vATPase A, in transgenic corn
plants to target the WCR. Suppression of endogenous vATPase A mRNA transcripts
occurred within 12 hours after ingestion. Expression of vATPase A in transgenic corn
significantly reduced larval root injury associated with WCR feeding (Baum et al. 2007).
Subsequent studies utilizing transgenic plants expressing dsRNA have
documented significant gene knockdown in target pests after feeding. Transgenic rice
expressing dsRNA targeting protease genes led to significant knockdown in brown
planthopper (Nilaparvata lugens (Stål)) (Zha et al. 2011). Gene knockdown and high
mortality resulting from larval feeding on transgenic tobacco with dsRNA targeting the
ecdysone nuclear receptor complex (EcR-USP) gene was observed in cotton bollworm
and beet armyworm (Zhu et al. 2012). Transgenic potato expressing dsRNA targeting the
β-actin gene effectively controlled Colorado potato beetle (Whyard 2015, Zhang et al.
2015). Arabidopsis and tobacco plants expressing dsRNAs targeting proteases in the
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green peach aphid (Myzus persicae (Sulzer)) significantly reduced gene expression,
leading to a decrease in aphid fecundity and size of offspring (Pitino et al. 2011). Based
on these findings, the use of in-planta dsRNA expression has significant potential to
revolutionize pest management strategies.
It is also important to note that efforts have been made to develop non-transgenic,
spray-based pesticidal dsRNAs (SIGS) (Christaens et al. 2020). Low environmental
persistence of dsRNA molecules suggests that special formulations or delivery methods
will be needed to increase the stability of sprayable dsRNAs. Transgenic plants offer the
possibility of continuous exposure to a higher concentration of insecticidal dsRNA
compared to SIGS. Therefore, sprayable products may only be applicable for insects
sensitive to dietary uptake of dsRNA (Christaens et al. 2020).
1.8.1. Use of RNAi for WCR Management
To date, various different target genes have been identified in WCR. vATPase is
an ATP-dependent proton pump that is highly conserved among eukaryotes. Subunit A,
the specific target, hydrolyzes ATP to produce a proton gradient and was first identified
as a target site for gene knockdown in WCR by Baum et al. (2007). This proton gradient
creates a low pH in different organelles (i.e., lysosomes) and aids in accumulation of
neurotransmitters in synaptic vesicles (Finbow and Harrison 1997). Inhibition of
vATPase leads to accumulation of toxic molecules and nerve impulse transmission
failure, causing lethal effects (Finbow and Harrison 1997).
Another candidate gene identified by Baum et al. (2007) was Snf7, a class E
vacuolar sorting protein conserved in many eukaryotes (Ramaseshadri et al. 2013). A
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Snf7 (sucrose non-fermenting 7) ortholog in WCR, DvSnf7, acts as part of the ESCRT-III
(Endosomal Sorting Complex Required for Transport) pathway, which internalizes,
transports, sorts, and degrades transmembrane proteins (Vaccari et al. 2009, Bolognesi et
al. 2012). Inhibition of the pathway leads to an accumulation of ubiquitinated proteins in
the midgut and decreased autophagic response (i.e., degradation) (Ramaseshadri et al.
2013). The build-up of damaged organelles, misfolded proteins, and toxic compounds
negatively affects cell physiology and homeostasis, as well as larval growth and
development, leading to mortality (Ramaseshadri et al. 2013).
Both vATPase A and DvSnf7 dsRNA have been shown to cause significant
reductions in transcript levels and produce high levels of mortality against WCR and
SCR larvae (Baum et al. 2007, Bolognesi et al. 2012, Bachman et al. 2013, Koči et al.
2014, Levine et al. 2015, Pereira et al. 2016) and adults (Rangasamy and Siegfried 2012,
Khajuria et al. 2015, Fishilevich et al. 2016a, Pereira et al. 2016). This contrasts with
transgenic plants expressing Bt proteins, which are not active against WCR adults
(Nowatzki et al. 2006). In addition to causing gene knockdown in WCR, the same
dsRNAs are also moderately effective against SCR due to > 95% sequence homology for
vATPase A (Baum et al. 2007) and Snf7 (Bolognesi et al. 2012, Bachman et al. 2013,
Ramaseshadri et al. 2013, Levine et al. 2015) genes between species. Rootworm-active
dsRNAs were insufficient to cause mortality in Colorado potato beetle, cotton boll weevil
(Anthomonus grandis (Boheman)), red flour beetle, and other species within Coleoptera,
Hemiptera, Hymenoptera, and Lepidoptera (Baum et al. 2007, Bachman et al. 2013).
Current research suggests that > 90% sequence identity and the presence of at least one
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21-bp sequence match is required for an effect of DvSnf7 to be observed (Bachman et al.
2013).
Although not as well-characterized as vATPase A or DvSnf7 dsRNA, a recent
study has identified orthologs of Drosophila genes snakeskin (ssk) and mesh in the WCR
(Hu et al. 2016). These genes are responsible for encoding membrane proteins that are
associated with smooth septate junctions (SSJ), functioning as an intestinal barrier (Izumi
et al. 2012, Yanagihashi et al. 2012). These WCR orthologs have been termed dvssj1 and
dvssj2 (Hu et al. 2016). Diet-based bioassays utilizing dsRNA targeting both genes
resulted in target mRNA suppression, larval growth inhibition, and mortality. Transgenic
plants expressing dvssj1-targeting dsRNA exhibited insecticidal activity against WCR
and reduced root feeding injury (Hu et al. 2016). Based on this data, dsRNA targeting
genes for suppression of smooth septate junction production can lead to significant
mortality in WCR and provide an alternative mode of action for effective WCR
management.
Fishilevich et al. (2019) identified a potential haplolethal target gene ortholog in
WCR, wings up A (wupA), encoding the Troponin I protein which is important in muscle
contraction. The Troponin I (TnI)/wings up A (wupA) was originally identified in
Drosophila (Barbas et al. 1991, 1993). Diet treated with wupA dsRNA led to significant
growth inhibiting within two days (52%), indicating this dsRNA was fast-acting and
lethal to WCR (Fishilevich et al. 2019). Knockdown of wupA decreased the functionality
of circulatory muscles surrounding the alimentary canal, promoting increased food
material accumulation in the hindgut (i.e., peristaltic motion inhibited). Deterioration of
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striated banding pattern in larval body muscle was also observed. Disorganized Z-disks in
muscle fibers, a similar phenomenon, was also observed in Drosophila (Marín et al.
2004). Ingestion and solubilization of Bt proteins lead to lysis of midgut epithelial cells
(Bowling et al. 2017). In contrast, ingestion of wupA dsRNA only affected muscle cells
and the hindgut, indicating the mode of action differs from Bt proteins (Fishilevich et al.
2019). When expressed in transgenic corn, wupA provided significant root protection in
greenhouse bioassays equivalent to the expression of Cry34/35Ab1 (Fishilevich et al.
2019). Results from this study indicated knockdown of wupA in WCR was a systemic
RNAi response and facilitated a loss of voluntary movement. Therefore, combining 2+
RNAi traits (i.e., different cellular pathways) with Bt proteins may increase product
efficacy against WCR.
Transgenic corn expressing vATPase-C dsRNA provided significant root
protection against WCR larvae (H. Li et al. 2015). Subunit C is involved in controlling
vATPase assembly by holding the V1 and V0 sectors of the complex together (Forgac
2007). Results from feeding bioassays and injections indicated that vATPase-C dsRNA
length of 60 bp was required for RNAi activity in WCR (H. Li et al. 2015), indicating
that siRNAs do not initiate an RNAi response in WCR larvae and adults. Transgenic corn
plants expressing vATPase-C dsRNA (23 of 24 lines) had an average root damage rating
< 0.25 (control root damage rating average = 0.88; n=10), providing increased root
protection. vATPase-C dsRNA is another RNAi trait that could be utilized in transgenic
plants with other RNAi traits or Bt proteins for WCR management.
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Knorr et al. (2018) selected 50 genes from an RNAi screen of the T. castaneum
genome and confirmed their lethality and dose response in T. castaneum larvae. Four
highly lethal target genes were identified; significant mortality occurred in T. castaneum
larvae in doses as low at 0.01 ng/µl within 14 days of exposure. WCR homologs were
identified and diet feeding assays were conducted with the corresponding dsRNAs. Of
the 50 dsRNAs tested, 21 caused significant mortality compared to the control and 36
resulted in significant growth inhibition in WCR larvae (Knorr et al. 2018). The four
target genes resulting in the highest WCR mortality (Rop, dre4, ncm, and RpII140) were
expressed as hairpin dsRNA in corn plants. Corn plants expressing all dsRNA constructs
exhibited significantly higher levels of protection from root injury compared to the
control (Knorr et al. 2018). Utilizing a model insect species closely related to a target
species may yield new target gene sequences for RNAi traits.
Vélez et al. (2020) identified Sec23 as a highly lethal RNAi target in WCR larvae
and adults. Sec23 is a subunit of the coat protein complex II (COPII) complex involved in
mediating endoplasmic reticulum-Golgi transport. Mortality was observed in WCR adult
feeding assays and in larval-based assays, indicating both life stages can be affected by
knockdown of Sec23 (Vélez et al. 2020). In planta expression of Sec23 hairpin
transgenes in greenhouse experiments indicated a high level of root protection.
Identification of Sec23 as an RNAi target in WCR and the confirmation of mortality
associated with knockdown highlights the potential for field application of this new
RNAi target in WCR.
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In addition to systemic RNAi, the use of parental RNAi (pRNAi), or gene
knockdown in progeny resulting from female parent exposure to dsRNA, has also been
explored. Gene knockdown in C. elegans offspring embryos was documented after
parents were injected with or ingested dsRNA (Fire et al. 1998, Timmons and Fire 1998).
Red flour beetle female pupae were injected with dsRNAs targeting genes controlling
segmentation during embryonic development. Gene knockdown led to gene-specific
phenotypes including shortened legs and head appendages (Bucher et al. 2002). This
study represents the first report of pRNAi in insects. The use of pRNAi has also been
documented in the western corn rootworm (Khajuria et al. 2015). Knockdown of two
developmental genes (hunchback (hb)) and brahma (brm)) was achieved by feeding
dsRNA to adult females, leading to a significant decrease in transcript levels. Total
oviposition of females exposed to dsRNA was not affected; however, egg hatch from
treated females was minimal, indicating that RNAi in WCR is systemic and RNAi
products used to silence hunchback and brahma could prevent crop injury by reducing
the larval population developing from exposed adults (Khajuria et al. 2015). pRNAi has
also been used in studies investigating the function of embryonic genes via injected
dsRNA in Hemiptera (Liu and Kaufman 2004, Mao et al. 2013, Fishilevich et al. 2016a),
Orthoptera (Mito et al. 2006), Collembola (Konopova and Akam 2014), Hymenoptera
(Yoshiyama et al. 2013), Blattodea (Piulachs et al. 2010), and Lepidoptera (Nakao 2012).
In recent years, the concept of reproductive RNAi (rRNAi), in which genes
involved in insect reproduction are targeted by dsRNA to reduce insect fecundity (Niu et
al. 2017), has gained prominence. The vitellogenin receptor (VgR) is responsible for
transporting vitellogenin, the precursor of the major yolk protein, into oocytes via

63
endocytosis (Sappington and Raikhel 1998) and has been identified in several insect
orders (Lu et al. 2015, Upadhyay et al. 2016, Zhang et al. 2016). Suppression of vgr
expression resulting from mutations or dsRNA leading to reduced fecundity has been
documented in the silkworm (Bombyx mori L.) (Lin et al. 2013) and brown planthopper
(Lu et al. 2015). Suppression of the boule (bol) gene leads to reduced sperm maturation
and a sterile male phenotype in the turnip sawfly, Athalia rosae L. (Sekiné et al. 2015).
The WCR homologs of both genes, dvvgr and dvbol, were evaluated as targets for rRNAi
in WCR (Niu et al. 2017). Artificial diet bioassays and dsRNA expression in corn roots
significantly reduced fecundity in WCR adults (Niu et al. 2017). However, WCR larval
growth inhibition or mortality affecting adult emergence did not occur, indicating rRNAi
only affects fecundity.
1.8.2. Ecological Risk Assessment of RNAi
High taxonomic specificity of dsRNA reduces the likelihood of non-target affects
due to RNAi technologies (Romeis et al. 2013). Potential hazards of RNAi-based crop
technologies have been raised by Lundgren and Duan (2013), although more recent
studies downplay these risks (Raybould and Burns 2020, Papadopoulou et al. 2020).
Multiple studies have investigated the impact of WCR-active dsRNA constructs on nontarget organisms.
Bachman et al. (2016) tested DvSnf7 dsRNA activity against seven non-target
organisms including honey bee larvae and adults, the spotted lady beetle (Coleomegilla
maculata (De Geer)), a rove beetle (Aleochara bilineata Gyllenhal), a ground beetle
(Poecilus chalcites (Say)), the green lacewing (Chrysoperla carnea (Stephens)), the

64
insidious flower bug (Orius insidiosus Say), and a parasitic wasp (Pediobius foveolatus
(Crawford)). The results indicated that exposure to DvSnf7 dsRNA at field exposure
levels will not cause adverse effects on the non-target insect species described above
(Bachman et al. 2016). Neonate monarch butterfly larvae were exposed to leaf disks
coated in vATPase A dsRNA. Results indicated that D. plexippus larvae are not
susceptible to dietary RNAi, implying that the impact of dsRNA-expressing transgenic
plants against this beneficial insect is negligible (Pan et al. 2017).
Bioinformatics analysis indicates that honey bees only share 72.5% sequence
identity with WCR, and the longest nucleotide sequence match is 13-bp (Bachman et al.
2013), indicating that vATPase A or DvSnf7 dsRNA are unlikely to cause toxic effects
against this important pollinator. Vélez et al. (2016a) determined that WCR vATPase A
dsRNA had limited effects on honey bee larval development, adult eclosion, and adult
survival, exhibiting the insensitivity of A. mellifera to vATPase A dsRNA. Similarly, Tan
et al. (2016) researched the effects of DvSnf7 dsRNA on honey bees. The results
indicated that larval survival, larval development, and adult survival were not adversely
affected by exposure to DvSnf7 dsRNA. In both experiments, honey bees were exposed
to dsRNA at a concentration greater than 10x a “worst-case” dietary level (Vélez et al.
2016, Tan et al. 2016). This research provides compelling evidence that two important
non-target organisms will be largely unaffected by ATPase-A and DvSnf7 dsRNA
exposure.
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1.8.3. Performance of Transgenic Corn Expressing DvSnf7 dsRNA
The use of RNAi plus Bt traits in transgenic corn is the most recent alternative
mode of action targeting the WCR (USEPA 2017). This novel mode of action provides a
complementary approach useful in WCR IPM and IRM programs. The most recent
rootworm-active transgenic pyramid deregulated in the United States, SmartStax® PRO,
is comprised of two Bt proteins (Cry3Bb1, Cry34/35Ab1) and one dsRNA construct
(DvSnf7), as well as other lepidopteran-active Bt proteins (Cry1A.105, Cry2Ab2, Cry1F)
and herbicide-tolerance traits (USEPA 2017). This combined-trait product was developed
via collaboration between Monsanto Company and Dow AgroSciences. Commercial
launch of SmartStax® PRO is expected in 2022.
Understanding the potential IRM value of DvSnf7 dsRNA expressed in planta
with Bt proteins requires assessing the potential for cross-resistance with other rootwormactive proteins. Moar et al. (2017) assessed the presence of cross-resistance between
Cry3Bb1 and DvSnf7 dsRNA. A Cry3Bb1-resistant population exhibited a 2.7-fold
decrease in susceptibility to DvSnf7 dsRNA compared to the Cry3Bb1-susceptible
population (Moar et al. 2017). Although this decrease in susceptibility was significant, it
was within the range of DvSnf7 susceptibility among seven field-collected WCR
populations tested in diet overlay bioassays, indicating that differences in WCR vigor or
natural bioassay variation accounted for this susceptibility decrease. Results from a
greenhouse study comparing susceptible and Cry3Bb1-resistant population performance
on single and pyramided Bt or dsRNA-expressing corn indicated a lack of crossresistance between Cry3Bb1 and DvSnf7 dsRNA (Moar et al. 2017). Therefore, the
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utilization of DvSnf7 dsRNA with Bt proteins in transgenic corn provides an additional
mode of action for WCR management.
Field trials were conducted between 2013 and 2015 by Monsanto Company and
Dow AgroSciences in fields naturally infested by WCR to investigate the efficacy of
Cry3Bb1, Cry34/35Ab1, SmartStax, and SmartStax® PRO under different infestation
levels (Head et al. 2017). Root damage ratings (RDR) were taken from 44 study sites
across 10 states during the three-year period. The relative advantage of SmartStax® PRO
over SmartStax increased with increasing WCR pressure, indicating that the expression
of dsRNA in planta with Bt proteins can reduce root injury compared to Bt proteins alone
(Head et al. 2017). The results also suggest that the inclusion of DvSnf7 dsRNA in
SmartStax® PRO can reduce root damage and adult emergence relative to SmartStax in
areas of Cry3Bb1 resistance.
1.8.4. Potential for WCR RNAi Resistance
Because the RNAi pathway and associated machinery are controlled by many
genes, increased selection pressure could facilitate mutations in RNAi machinery leading
to widespread resistance to entire classes of dsRNAs (Fishilevich et al. 2016b).
Mechanisms of resistance to RNAi strategies could result from mutations to genes coding
proteins involved in dsRNA transport or RISC complex formation, as well as mutations
in dsRNA target genes (Palli 2014). Additional mechanisms could include reduced
dsRNA uptake, dsRNA degradation within the gut, decreased siRNA production via a
decrease in Dicer production, failure of RISC to recognize siRNAs or degrade target
mRNA, or blocking of the systemic RNAi response (Fishilevich et al. 2016b).
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The WCR has adapted and evolved resistance to all management tactics in
different areas of the U.S. Corn Belt. Therefore, determining the potential for resistance
evolution to DvSnf7 dsRNA is important to establish effective IRM strategies and to
design more durable technologies in the future. WCR emerging from separate field plots
planted with transgenic corn expressing DvSnf7 dsRNA or non-Bt corn were collected
(DvSnf7 corn: 350; non-Bt corn: 500) and crossed with a non-diapausing WCR
laboratory colony to increase the number of generations per year and accelerate the
selection process (Khajuria et al. 2018). Both colonies were exposed to different selection
schemes for 11 generations, leading to the development of a WCR DvSnf7 dsRNA
colony with ≥ 130-fold resistance to DvSnf7 dsRNA. Resistance was determined to be
recessive, autosomally-inherited, and conferred by a single locus on the right end of
linkage group 4 (LG4). In comparison, the Cry3Bb1 resistance gene(s) is located on LG8
(Flagel et al. 2015), a completely different chromosome compared to DvSnf7. Therefore,
the lack of cross-resistance between DvSnf7 dsRNA and Cry3Bb1 (Moar et al. 2017,
Khajuria et al. 2018) is not surprising.
Results suggested that the primary mechanism of resistance to DvSnf7 resulted
from impaired uptake in gut cells (Khajuria et al. 2018), which has been previously
suggested as a possible resistance mechanism to dsRNA (Baum and Roberts 2014,
Fishilevich et al. 2016b). Cross-resistance occurred between DvSnf7 dsRNA and
vATPase A, COPI  (Coatomer Subunit beta), and Mov34 (26s proteasome) dsRNAs,
indicating that dsRNA resistance is not sequence-specific (Khajuria et al. 2018). To date,
this is the first dsRNA-resistant insect colony developed, and the results from this study
will be useful in optimizing IRM plans and increasing the lifetime of RNAi technologies.
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1.9. Justification for Research
The western corn rootworm is a highly adaptive pest species of field corn, as
field-evolved resistance to crop rotation (Levine et al. 2002), four insecticide classes
(Ball and Weekman 1962, 1963; Meinke et al. 1998; Pereira et al. 2015; Meinke et al.
2021), and all commercially available Bt proteins (Gassmann et al. 2011, 2016; Gray
2012; Wangila et al. 2015; Ludwick et al. 2017; Reinders et al. 2018; Gassmann 2021)
has been documented in some regions of the U.S. Corn Belt. However, short rotation
cropping schemes (i.e., corn-soybean annual rotation) are not viable or preferable in some
situations due to highly erodible land or the high corn volumes needed for livestock
production. Therefore, cultivation of large monocultures of continuous corn under centerpivot irrigation is common in certain portions of Nebraska. Cry3Bb1 resistance and
cross-resistance to mCry3A in Nebraska were first documented in Cuming and Chase
counties in northeastern and southwestern Nebraska, respectively (Wangila et al. 2015).
Subsequent bioassays have also documented resistance to Cry3Bb1 in other Nebraska
counties (Wangila 2016, Wangila and Meinke 2017, Reinders et al. 2018)
Bioassays conducted in 2012-2013 by Wangila et al. (2015) indicated high
susceptibility of WCR populations to Cry34/35Ab1 across the state. Recent reports of
incomplete resistance to Cry34/35Ab1 have been documented in Iowa (Gassmann et al.
2016), Minnesota (Ludwick et al. 2017), and North Dakota (Calles-Torrez et al. 2019),
raising concerns over the efficacy of this Bt protein in areas of Nebraska. In recent years,
the use of rootworm-Bt pyramids as a strategy to mitigate or slow WCR resistance
evolution has increased and Cry34/35Ab1 is a key trait in most pyramids (Andow et al.
2016). By 2015, greater than expected root injury was observed on Bt hybrids expressing
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single-protein Cry3Bb1, Cry34/35Ab1, and the Cry3Bb1 + Cry34/35Ab1 pyramid in a
Cuming County field trial (Head et al. 2017). Although bioassays were not conducted on
this population, the high root damage ratings of Bt treatments and the non-Bt control
suggested that resistance evolution to both Cry3Bb1 and Cry34/35Ab1 was occurring in
Nebraska. In recent years, anecdotal reports of reduced WCR efficacy with pyramids that
include Cry34/35Ab1 have increased. However, to date, the susceptibility of Nebraska
WCR populations to Bt pyramids has not been evaluated with formal lab bioassays.
Therefore, one goal of this research project was to characterize the susceptibility of WCR
populations from northeast Nebraska, particularly Cuming County (intensive corn
production, large confined livestock industry) to SmartStax® and Cry3Bb1. This will
inform resistance management decision-making and establish an understanding of the
current variability in WCR susceptibility to SmartStax® across the landscape before
SmartStax® PRO is deployed in the near future.
With the commercial launch of SmartStax® PRO scheduled for 2022,
understanding the biological fitness of WCR after dietary exposure to this new
technology will improve understanding of how this technology may affect WCR
population dynamics and provide empirical data for simulation modeling to optimize
resistance management strategies. Therefore, a second goal of this research project was to
characterize the life history traits of WCR experiencing adult or lifetime dietary exposure
to SmartStax® PRO or non-Bt corn and the potential impact on population dynamics in
the subsequent generation. The presence of fitness costs has the potential to delay
resistance evolution to transgenic hybrids targeting WCR. Understanding fitness costs
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associated with WCR resistance to SmartStax PRO is necessary to optimize IRM
programs and preserve the durability of future RNAi technologies.
1.10. Research Objectives
This dissertation is divided into two different research projects: a SmartStax IRM Study
and a SmartStax® PRO Fitness Study. The research objectives and working hypotheses
for each project are as follows:
SmartStax IRM Study
1. Evaluate the relative susceptibility of WCR populations to Cry3Bb1 and
SmartStax (Cry3Bb1 + Cry34/35Ab1) in fields with a variety of past
management programs with an emphasis on Cuming County. The working
hypothesis for this objective was: a mosaic of susceptibility to Cry3Bb1 and
SmartStax will be documented.
SmartStax® PRO Fitness Study
1. Compare life history traits and biological fitness of WCR male/female pairs after
adult or lifetime dietary exposure to SmartStax® PRO or non-Bt corn. The
working hypothesis for this objective was: SmartStax® PRO exposure will
significantly affect life history and fitness parameters.
2. Indirectly determine potential male WCR effects on female fecundity. The
working hypothesis for this objective was: the male impact on female fecundity is
minimal or negligible.
3. Characterize the effect of adult or lifetime dietary exposure to SmartStax® PRO in
the F0 generation on biological fitness of F1 WCR. The working hypothesis for
this objective was: parental exposure to SmartStax® PRO in the F0 generation will
affect biological fitness and population growth during the F1 WCR generation.
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CHAPTER 2: EVIDENCE OF WESTERN CORN ROOTWORM
(COLEOPTERA: CHRYSOMELIDAE) FIELD-EVOLVED RESISTANCE TO
CRY3BB1 + CRY34/35AB1 MAIZE IN NEBRASKA
2.1. Introduction
The western corn rootworm (WCR; Diabrotica virgifera virgifera LeConte) is a
functionally monophagous, univoltine insect pest of maize (Zea mays L.) (Meinke et al.
2009) that is annually responsible for U.S. $1-2 billion in control costs and yield losses in
the United States (U.S.) (Sappington et al. 2006, Wechsler and Smith 2018). Initial larval
eclosion occurs from late May to early June in most areas of the U.S. Corn Belt with
subsequent root feeding during June and July (Meinke et al. 2009). This coincides with
the most rapid period of maize vegetative growth (Bryson et al. 1953). Significant larval
feeding injury can reduce plant growth by interfering with water and nutrient uptake,
decrease plant stability, and reduce grain yield (Riedell and Kim 1990, Kahler et al. 1985,
Spike and Tollefson 1991, Godfrey et al. 1993, Hou et al. 1997, Urías-López et al. 2000,
Urías-López and Meinke 2001). A 15-17% yield reduction is possible with each full node
of root injury (Dun et al. 2010, Tinsley et al. 2013).
WCR management programs have historically relied upon two main management
strategies: 1) annual rotation between maize and a non-host crop, and 2) soil- or foliarapplied insecticides in continuous maize (≥ 2 successive years of cultivation). Crop
rotation remains a recommended management strategy (Wright et al. 1999, Cullen et al.
2013, USEPA 2014) because WCR females exhibit a strong affinity to oviposit in maize
fields (Branson and Krysan 1981, Spencer et al. 2009) and larvae can only survive on
specific grass species (Clark and Hibbard 2004, Oyediran et al. 2004, Moeser and
Hibbard 2005). However, a rotation-resistant strain that lays enough eggs in non-host
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crops to cause injury to first-year maize has evolved in the eastern U.S. Corn Belt
(Levine et al. 2002, Rondon and Gray 2004). Insecticides have been used in areas of
continuous maize production since the late 1940s to manage both larval and adult stages
of WCR (Muma et al. 1949, Pruess et al. 1974, Souza et al. 2020, Meinke et al. 2021).
Long-term use of specific modes of action has facilitated WCR field-evolved resistance
to four insecticide classes in areas of the western U.S. Corn Belt (Ball and Weekman
1962, Meinke et al. 1998, Pereira et al. 2015, Souza et al. 2019, Meinke et al. 2021).
The introduction of transgenic maize hybrids expressing rootworm-active
insecticidal proteins derived from the soil bacterium Bacillus thuringiensis (Bt) Berliner
provided growers with an additional management tactic to combat this pest in continuous
maize. Initial rootworm-active proteins were registered in the early-mid 2000s (Cry3Bb1
in 2003, Cry34/35Ab1 [now reclassified as Gpp34Ab1/Tpp35Ab1, Crickmore et al.
2020] in 2005, and mCry3A in 2006) (USEPA 2003, 2005, 2006) and marketed as singleprotein hybrids. A fourth protein, eCry3.1Ab, was registered in 2012 but was not sold as
a single trait product (USEPA 2012a). The high efficacy and convenience of transgenic
maize facilitated widespread adoption by U.S. growers (Rice 2004, Andow et al. 2016).
Use of Bt technology over time led to WCR field-evolved resistance to the Cry3Bb1
protein in Iowa (Gassmann et al. 2011, 2014, 2020), Illinois (Gray and Spencer 2015,
Schrader et al. 2017), Nebraska (Wangila et al. 2015, Reinders et al. 2018), Minnesota
(Ludwick et al. 2017), and North Dakota (Calles-Torrez et al. 2019). Variable levels of
cross-resistance among the Cry3 proteins (Cry3Bb1, mCry3A, and eCry3.1Ab) have been
reported (Gassmann et al. 2011, Wangila et al. 2015, Jakka et al. 2016, Zhao et al. 2016,
Zukoff et al. 2016, Schrader et al. 2017, Reinders et al. 2018), limiting efficacy in areas
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of field-evolved resistance to any Cry3 protein. Field-evolved resistance to Cry34/35Ab1
has also been documented in Iowa (Gassmann et al. 2016, 2020), Minnesota (Ludwick et
al. 2017), and North Dakota (Calles-Torrez et al. 2019).
Transgenic hybrids expressing two Bt proteins (i.e., pyramid) with unique modes
of action have been utilized by maize growers to mitigate or slow resistance evolution in
recent years (Andow et al. 2016). The following rootworm-active Bt pyramids have been
commercialized in the United States: Cry3Bb1 + Cry34/35Ab1 (USEPA 2009), mCry3A
+ Cry34/35Ab1 (USEPA 2012b, 2012c, 2015), and mCry3A + eCry3.1Ab (USEPA
2013). Initial field trials with the first rootworm-Bt pyramid (Cry3Bb1 + Cry34/35Ab1:
SmartStax®) documented that superior root protection and greater population reduction
could be obtained with the pyramid compared to single-protein CryBb1 or Cry34/35Ab1
hybrids (Prasifka et al. 2013, Head et al. 2014). Pyramids expressing Cry3Bb1 +
Cry34/35Ab1 have been widely adopted in Nebraska over the past 5-8 years (Wangila et
al. 2015, Reinders et al. 2018).
Resistance of Nebraska WCR populations to Cry3Bb1 was first documented in
Chase and Cuming counties from WCR collections made in 2011-2012 (Wangila et al.
2015). Subsequently, resistance to Cry3Bb1 has been confirmed in various counties
across the state (Wangila et al. 2015, Wangila and Meinke 2017, Reinders et al. 2018). In
contrast, Nebraska WCR populations collected in 2012 were susceptible to Cry34/35Ab1
(Wangila et al. 2015). By 2015, greater than expected injury (USEPA 2014, Andow et al.
2016) was recorded from Cry3Bb1, Cry34/35Ab1, and the pyramid of Cry3Bb1 +
Cry34Ab1/35Ab1 treatments at a location in Cuming County, Nebraska (Head et al.
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2017), which suggested resistance was evolving to both Cry3Bb1 and Cry34/Cry35Ab1.
This data also raised concerns about the durability of pyramids planted in areas where
WCR resistance occurred to one or more proteins included in the pyramid.
A single-plant larval bioassay, developed by Gassmann et al. (2011), is one
resistance monitoring technique widely used by entomologists across the U.S. Corn Belt
to detect shifts in WCR susceptibility to Bt maize (Gassmann et al. 2014, 2016, 2020;
Gray and Spencer 2015; Wangila et al. 2015; Ludwick et al. 2017; Schrader et al. 2017;
Reinders et al. 2018; Calles-Torrez et al. 2019). Field-evolved resistance is confirmed
when WCR field populations exhibit significantly higher survival on Bt maize compared
to susceptible lab control colonies.
During the last 5 years, anecdotal reports of reduced WCR control with Cry3Bb1
+ Cry34/Cry35Ab1 pyramids has increased, underscoring the need to evaluate the
susceptibility of Nebraska WCR populations to Cry3Bb1 + Cry34/35Ab1 maize.
Therefore, to evaluate current susceptibility of WCR populations to Cry3Bb1 and
Cry3Bb1 + Cry34/35Ab1 expressing hybrids, F1 progeny from WCR populations
collected in northeastern Nebraska were bioassayed using the Gassmann single-plant
technique. Mean fresh weight and head capsule width were also measured and used to
characterize differences in larval development rate resulting from sublethal exposure to
Bt proteins.
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2.2. Materials and Methods
2.2.1. Insect Populations
Adult WCR were collected from fields located in Cuming, Stanton, Polk, and
Colfax counties in northeastern Nebraska in 2017 and 2018. This study area was chosen
due to the concentration of continuous maize (4 to >10 consecutive years) associated with
the large confined livestock industry, the long history of planting hybrids expressing
single or pyramided rootworm-active Bt traits, and anecdotal reports of performance
issues with rootworm-Bt hybrids. Cry3Bb1 resistance has previously been confirmed in
Cuming County (Wangila et al. 2015) and bioassay data from 2011-2014 indicate clusters
of Cry3 WCR resistance can occur across the landscape (Wangila 2016, Wangila and
Meinke 2017).
A minimum of 50 gravid females were collected from each field to obtain a subset
of the natural variation present. A total of 13 WCR populations were collected from
Cuming County between 2017 and 2018. Eight WCR populations were collected from
different fields in 2017; 6 of these fields were re-sampled and 5 new populations were
collected in 2018. WCR adults were collected from the same field site in Stanton County
in 2017 and 2018. One WCR population was collected from Polk County in 2017 and
Colfax County in 2018. An additional population was collected from the Eastern
Nebraska Research and Extension Center in Saunders County in 2018 as a field control.
Large areas of continuous maize without rootworm-Bt traits serve as a refuge around the
collection area characterized by only periodic small-plot use of rootworm-active Bt maize
hybrids.
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Diapausing WCR colonies reared and maintained at the USDA-ARS North
Central Agricultural Research Laboratory in Brookings, South Dakota, were used as lab
control populations during each bioassay year. Each control population was collected
prior to the initial commercialization of Bt proteins in 2003 and has been continuously
reared without the addition of wild-type genes, preserving susceptibility to rootwormactive transgenic maize. Two cohorts of a population collected from Moody County,
South Dakota (1987), were used in 2018 bioassays. Individual populations collected from
Butler County, Nebraska (1990), Potter County, South Dakota (1995), Finney County,
Kansas (2000), and Centre County, Pennsylvania (2000) were used in 2019 bioassays.
2.2.2. Single-Plant Larval Bioassays
Field-collected adult WCR were transported to the Department of Entomology at
the University of Nebraska-Lincoln and maintained by population in 28cm3 plexiglass
cages under laboratory conditions during the summer and fall of 2017 and 2018. The
procedural steps used to maintain adults, collect eggs, and the temperature regimens used
to facilitate egg diapause and post-diapause development are described in Wangila et al.
(2015). Neonate progeny of the F1 generation from each population were used in
bioassays as described by Gassmann et al. (2011) and adapted by UNL researchers
(Wangila et al. 2015, Reinders et al. 2018). Bioassays were conducted during the summer
and fall of 2018 and 2019.
In brief, three maize hybrids without seed treatments were used in bioassays:
DKC 64-69 GENVT3P (single-protein Cry3Bb1, ‘VT3P’), DKC 64-34 GENSS
(Cry3Bb1 + Cry34/35Ab1 pyramid, ‘SSX’), and DKC 66-87 GENVT2P (non-rootworm
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Bt, hereafter termed ‘isoline’ or ‘VT2P’). Single plants were grown in individual 1L
plastic containers (Johnson Paper & Supply Co., Minneapolis, MN) and maintained to the
V4-V5 growth stage (Abendroth et al. 2011). Twelve replications of each hybrid were
included in each bioassay. Twelve neonate F1 larvae were infested onto the roots of each
plant using a size 20/0 soft hair brush. Plants were then placed in growth chambers
(Percival Scientific Inc., Perry, IA) maintained at 24ºC with a 14:10 (L:D) h photoperiod
for 17 days to promote larval feeding and development. After 17 days, plants were placed
in Berlese funnels (40W, 120V bulbs–Philips Lighting Company, Worcester, MA) and
larval survivors were collected in jars of 70% ethyl alcohol. Proportional survival was
calculated on a per plant basis by dividing the number of larval survivors by 12 (i.e.,
number of larvae infested per plant). Corrected survival for each population and
transgenic maize hybrid was calculated as the complement of corrected mortality using
Abbott’s correction (Abbott 1925).
Larval fresh weight was determined on a per plant basis. Larval survivors from
each plant were airdried on a Kimwipe (Kimberly-Clark Worldwide, Inc., Roswell, GA)
for 3 minutes prior to weighing using an OHAUS Voyager PRO VP413CN precision
balance (OHAUS Corporation, Pine Brook, NJ) to measure collective fresh weight.
Individual larval head capsule widths were measured to the nearest 0.01mm using an
AmScope 3.5X-90X Simul-Focal Trinocular Stereo Zoom microscope with an attached
18MP USB3 Camera (United Scope LLC, Irvine, CA). Instar was determined according
to Hammack et al. (2003).
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2.2.3. Statistical Analysis
Proportional survival on each maize hybrid was evaluated using a generalized
linear mixed model (implemented using PROC GLIMMIX; SAS 9.4 software, SAS
Institute, Cary, NC) following a binomial distribution with a logit link function (Stroup
2015, Stroup et al. 2018). Separate analyses were conducted for each bioassay year.
Initial analyses indicated no significant difference in survival among control populations
on Cry3Bb1 or Cry3Bb1 + Cry34/35Ab1 maize within a bioassay year (Appendix I).
Therefore, data from control populations were pooled within year to create a composite
sample. Population, maize hybrid, and the population by maize hybrid interaction were
included in the model as fixed factors and plant observation nested within the population
by maize hybrid interaction was included as a random factor to control for an
overdispersion of variance (Stroup et al. 2018). Model fit was evaluated by examining
generalized chi-square/df values and conditional residual plots. The SLICE statement was
used to identify significant differences in proportional survival between the Bt and nonBt hybrids within a population using Tukey’s HSD test to control for type I error rates.
Comparisons within a hybrid were made among populations relative to the lab control
using Dunnett’s test. Statistical significance was estimated at α = 0.05. The population by
hybrid LSMEANS are reported in this manuscript and were used to calculate corrected
survival (Table 2.1) using the following equation:

𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 𝑠𝑢𝑟𝑣𝑖𝑣𝑎𝑙 = 1 −

(𝑠𝑢𝑟𝑣𝑖𝑣𝑎𝑙 𝑜𝑛 𝑖𝑠𝑜𝑙𝑖𝑛𝑒 − 𝑠𝑢𝑟𝑣𝑖𝑣𝑎𝑙 𝑜𝑛 𝐵𝑡)
(𝑠𝑢𝑟𝑣𝑖𝑣𝑎𝑙 𝑜𝑛 𝑖𝑠𝑜𝑙𝑖𝑛𝑒)

Mean head capsule width was averaged for larval survivors on each bioassay
plant using PROC SQL (SAS 9.4). Larval fresh weight was evaluated on a per plant
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basis. To calculate larval fresh weight on each bioassay plant, the total fresh weight of all
larvae from a specific plant was divided by the number of survivors on the same plant.
The two larval developmental factors were analyzed separately using the same analysis
approach. A linear model was used to determine the mean head capsule width or mean
larval fresh weight of survivors per hybrid for each population. Population, maize hybrid,
and the population by maize hybrid interaction were included in the model as fixed
factors. Residual plots were used to evaluate normality assumptions. The population by
maize hybrid LSMEANS are reported in this manuscript. The SLICE statement was used
to identify significant differences in larval development metrics between the Bt and nonBt hybrids within a population using Tukey’s HSD test to control for type I error rates.
Comparisons within a hybrid were made among populations relative to the lab control
using Dunnett’s test. Statistical significance was estimated at α = 0.05.
2.3. Results
2.3.1. Proportional Survival from Bioassays
A significant effect of population, maize hybrid, and population by maize hybrid
interaction on proportional survival occurred in both bioassay years (Table 2.2). A
significant difference in mean larval survivorship between the Cry3Bb1 and isoline
hybrids was observed in 2 of 10 field populations in 2018 (Fig. 2.1A) and 3 of 14 field
populations in 2019 (Fig. 2.2A). Mean survivorship of most WCR populations (8/10 in
2018; 13/14 in 2019) was significantly different between Cry3Bb1 + Cry34/35Ab1 and
isoline hybrids in both bioassay years (Figs. 2.1A, 2.2A). All field populations exhibited
significantly higher larval survival on the Cry3Bb1 and Cry3Bb1 + Cry34/35Ab1 hybrids
in 2018 and 2019 bioassays compared to the lab control, except for Sa1 on Cry3Bb1
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maize in 2019 (Figs. 2.1A, 2.2A). The composite lab control was highly susceptible to
Cry3Bb1 and Cry3Bb1 + Cry34/35Ab1 compared to the isoline in both bioassay years.
2.3.2. Larval Head Capsule Width
A significant effect of population, maize hybrid, and population by maize hybrid
interaction on mean head capsule width occurred in both bioassay years (Table 2.2).
Within populations, no significant differences in mean larval head capsule width between
Cry3Bb1 and isoline survivors were observed in 2018 (Fig. 2.1B) and 2019 (Fig. 2.2B)
bioassays, except for the field control (Sa1) in 2019. Cry3Bb1 survivors from the lab
control exhibited significantly lower mean head capsule width compared to the isoline
survivors in each bioassay year (Figs. 2.1B, 2.2B). Comparisons within the Cry3Bb1
hybrid indicated larval survivors from all field populations assayed in 2018 and 8 of 14
populations assayed in 2019 had significantly greater mean head capsule width compared
to survivors from the lab control (Figs. 2.1B, 2.2B).
Significant differences in mean head capsule width between Cry3Bb1 +
Cry34/35Ab1 pyramid and isoline survivors were observed in 4 of 10 field populations in
2018 bioassays (Fig. 2.1B) and 5 of 14 field populations in 2019 bioassays (Fig. 2.2B).
Within the lab control, the mean head capsule width of pyramid survivors was
significantly lower than the mean size of isoline survivors during 2018 (Fig. 2.1B) but not
in 2019 bioassays (Fig. 2.2B). Comparisons of survivors within the Cry3Bb1 +
Cry34/35Ab1 hybrid indicated 5 of 10 field populations assayed in 2018 exhibited
significantly greater mean head capsule width compared to lab control survivors (Fig.
2.1B). No significant differences were observed between mean survivor head capsule
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width on Cry3Bb1 + Cry34/35Ab1 maize versus the lab control in 2019 bioassays (Fig.
2.2B).
2.3.3. Larval Fresh Weight
A significant effect of population, maize hybrid, and population by maize hybrid
interaction on mean larval fresh weight occurred in both bioassay years (Table 2.2).
Within populations, no significant differences in mean larval fresh weight between
Cry3Bb1 and isoline survivors were observed in 2018 (Fig. 2.1C) and 2019 bioassays
(Fig. 2.2C). Mean larval fresh weight of Cry3Bb1 survivors was significantly greater than
the mean fresh weight of isoline survivors within the lab control during 2018 bioassays
(Fig. 2.1C). Within the Cry3Bb1 hybrid, mean fresh weight of survivors in 4 of 10 field
populations was significantly greater than mean weight of lab control survivors in 2018
bioassays (Fig. 2.1C). Survivors in only 1 of 10 field populations had significantly greater
mean larval fresh weight than the lab control survivors in 2019 bioassays (Fig. 2.2C).
Significant differences in mean larval fresh weight between the Cry3Bb1 +
Cry34/35Ab1 pyramid and isoline survivors were observed in 3 of 10 field populations in
2018 bioassays (Fig. 2.1C) and 2 of 14 field populations in 2019 bioassays (Fig. 2.2C).
No significant differences were observed between mean survivor fresh weight on
Cry3Bb1 + Cry34/35Ab1 maize versus the lab control in either bioassay year (Figs. 2.1C,
2.2C). Within the lab control, mean fresh weight of survivors was not significantly
different between the rootworm-Bt pyramid and isoline treatment in either year (Figs.
2.1C, 2.2C).
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2.4. Discussion
Results from 2018 and 2019 larval bioassays confirmed complete resistance to
Cry3Bb1 in a high number of WCR populations collected from the northeast Nebraska
study area, particularly in Cuming County (Figs. 2.1A, 2.2A). Complete resistance to
Cry3Bb1 was previously confirmed in some WCR populations collected from maize
fields exhibiting greater than expected rootworm injury in Cuming County (Wangila and
Meinke 2017). The long-term cultivation of continuous maize and associated use of
Cry3Bb1 within single-trait and pyramided hybrids placed continuous selection pressure
on WCR populations in this area. The persistence of Cry3Bb1 resistance in WCR
populations even after rotation to a Cry34/35Ab1-expressing hybrid (Wangila and
Meinke 2017) and gene flow of resistance alleles through adult WCR movement
(Reinders et al. 2018, St. Clair et al. 2020a) have likely contributed to the neighborhood
Cry3Bb1 resistance pattern observed within Cuming County. Widespread Cry3Bb1
resistance has also been reported in numerous Iowa counties (Shrestha et al. 2018, St.
Clair et al. 2020b). The neighborhood clusters of Cry3Bb1 resistance evident in Nebraska
reinforce the role of localized selection pressure and WCR population dynamics as key
contributors of resistance evolution within the landscape.
Less variation in Cry3Bb1 survival among WCR populations and a higher
proportion of highly resistant populations was observed in the northeast Nebraska study
area compared to the mosaic of susceptibility to Cry3 proteins documented in WCR
populations previously assayed from Keith and Buffalo counties in southwestern and
south-central Nebraska, respectively (Reinders et al. 2018). This was especially apparent
in areas of Keith and Buffalo counties where Cry3Bb1 was used less frequently, and
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diversified integrated pest management (IPM) practices led to less selection pressure
(Reinders et al. 2018). Additional years of Cry3Bb1 selection prior to population
collection, either from single-trait or rootworm-Bt pyramid hybrids, may have also
contributed to the increased frequency of WCR populations highly resistant to Cry3Bb1
observed in northeast Nebraska compared to Keith and Buffalo counties (Reinders et al.
2018).
This study confirms the first cases of field-evolved resistance to the Cry3Bb1 +
Cry34/35Ab1 pyramid in Nebraska with plant-based bioassays, adding to previous
reports from North Dakota (Calles-Torrez et al. 2019) and Iowa (Gassmann et al. 2020).
Many growers initially responded to Cry3 resistance by planting rootworm-Bt pyramids
containing Cry3Bb1 and Cry34/35Ab1 proteins (Andow et al. 2016, Dunbar et al. 2016,
Gassmann 2021), which have been effective at reducing root injury and population
densities in past Cry3Bb1 problem fields (Dunbar et al. 2016). The relative advantage of
the Bt pyramid over single-trait Cry3Bb1 is still apparent in this study, although evidence
of WCR adaptation to the pyramid is clear. In contrast to Cry3Bb1, most WCR
populations from the northeast Nebraska study area exhibited incomplete resistance (i.e.,
significant difference in survival or development between Bt and non-Bt hybrids) to
Cry3Bb1 + Cry34/35Ab1 maize (Figs. 2.1A, 2.2A). WCR populations exhibited a wider
range of susceptibility to this pyramid compared to single-trait Cry3Bb1 and most WCR
populations had lower corrected survival values on Cry3Bb1 + Cry34/35Ab1 maize than
on Cry3Bb1 maize, indicating a lower level of resistance to the pyramid within a
population (Table 2.1). However, evidence of complete resistance to Cry3Bb1 +
Cry34/35Ab1 maize in two WCR populations [C2 (2018) and S1(2019)] and pyramid
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corrected survival >0.60 in six populations suggests that WCR resistance to
Cry34/35Ab1 is also present in the study area. Additional bioassays are needed to
evaluate the susceptibility of Nebraska WCR populations to single-trait Cry34/35Ab1
maize.
Laboratory studies have shown that WCR can develop a level of resistance to
Cry3Bb1 and Cry34/35Ab1 in as few as three generations with continuous selection
(Meihls et al. 2008, Oswald et al. 2011, Lefko et al. 2008, Deitloff et al. 2016). Fieldevolved resistance to these Bt traits has also been confirmed in a similar timeframe
(Gassmann et al. 2011, Wangila et al. 2015) and variable levels of resistance have been
detected in the landscape over time (Gassmann et al. 2014, Wangila et al. 2015, Reinders
et al. 2018, Gassmann et al. 2020). This variability in resistance among WCR populations
is also apparent with Cry3Bb1 + Cry34/35Ab1 maize in this study when viewing
corrected survival.
Bioassays are important tools to characterize changes in susceptibility to toxins in
field or lab populations (Tabashnik et al. 2009). However, laboratory confirmation of
field-evolved resistance should not be equated with practical resistance, which refers to a
decrease in product efficacy that can impact pest control (i.e., field performance)
(Tabashnik et al. 2014). A statistical difference in survivorship between a field and
control population after exposure to a toxin in a bioassay does not necessarily correlate
with decreased efficacy or performance under field conditions. For example, Souza et al.
(2019) detected a low level of dimethoate resistance in WCR field populations in active
ingredient bioassays; however, insecticide performance was not impacted by the level of
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resistance present when label rates of formulated dimethoate were evaluated in simulated
aerial application experiments. Measuring practical resistance was not a goal of this
study, but it is important to note that mean proportional survival of a large number of
populations that exhibited significantly higher survival on Cry3Bb1 + Cry34/35Ab1
maize than the lab control was < 0.25. In these cases, the resistance level may or may not
significantly impact root protection or yield in the field. The interaction of resistance
level with other factors such as WCR density and environmental conditions will
ultimately determine the impact of resistance in the field (Tabashnik et al. 2009).
Therefore, more research comparing laboratory bioassay data with field performance of
Bt hybrids is needed to gain a more complete understanding of the potential effect of
different levels of resistance.
Corrected survival values on Cry3Bb1 and Cry3Bb1 + Cry34/35Ab1 maize
document varying levels of susceptibility within the landscape (Table 2.1). However,
variation in corrected survival values indicates there is not a consistent relationship
between Cry3Bb1 and Cry3Bb1 + Cry34/35Ab1 susceptibility. Examples of variation in
this relationship include C5 2019 (Cry3Bb1: 0.86, Cry3Bb1 + Cry34/35Ab1: 0.20), C8
2018 (Cry3Bb1: 0.45, Cry3Bb1 + Cry34/35Ab1: 0.73), and C1 2018 (Cry3Bb1: 0.70,
Cry3Bb1 + Cry34/35Ab1: 0.69). These examples suggest that corrected WCR survival on
Cry3Bb1 + Cry34/35Ab1 maize is influenced by the relative susceptibility of a
population to each trait in the pyramid and that this relationship between traits varies
among populations in the landscape. Past use of single-trait Cry3Bb1 and Cry34/35Ab1
hybrids on a farm is probably a key driver of the variation in WCR susceptibility to
Cry3Bb1 + Cry34/35Ab1 maize observed in this study. Variability in past management
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history may also impact the biological fitness of WCR populations surviving sublethal
exposure to Cry3Bb1 + Cry34/35Ab1 maize, which may potentially impact reproduction
and rate of resistance evolution. In theory, it could be possible for two populations to
have similar corrected survival on Cry3Bb1 + Cry34/35Ab1 but different overall fitness
dependent upon the relationship between susceptibility to each trait in the pyramid.
Overall, a better understanding of the complex interaction between Cry3Bb1 and
Cry34/35Ab1 within the rootworm-Bt pyramid and determining whether this trait
interaction is additive or synergistic is critical to understand WCR susceptibility to
Cry3Bb1 + Cry34/35Ab1 maize and develop proper resistance management strategies.
Larval development metrics, such as head capsule width and fresh weight, can
complement survival as useful indicators of the level of WCR resistance present within
an individual population. The field and lab control populations assayed with Cry3Bb1 in
this study exhibited the extended development typically observed in Bt-susceptible
populations (Becker 2006, Murphy et al. 2011, Clark et al. 2012, Reinders et al.
unpublished data), whereas extended development time was absent in WCR populations
exhibiting complete resistance to Cry3Bb1. This trend has also been observed in previous
studies when WCR populations were highly resistant to Cry3Bb1 (Wangila and Meinke
2017, Gassmann et al. 2020). Larval development metrics were not significantly different
between the Cry3Bb1 and isoline hybrid in any northeast Nebraska field population
assayed (Figs. 2.1, 2.2), indicating larvae had reached a similar instar and were of similar
size.
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The effect of sublethal exposure to Cry3Bb1 + Cry34/35Ab1 maize on larval
development metrics was more variable compared to Cry3Bb1. Prolonged development
time was still evident as fewer populations reached the 3rd instar threshold compared to
Cry3Bb1 maize (Figs. 2.1B, 2.2B), although most had reached the late 2nd instar. The
laboratory control (2019) population had one of three total survivors developing into the
third instar, which explains the higher mean head capsule width and associated large
standard error (Fig. 2.2B). Increasing corrected survival on Cry3Bb1 maize (Reinders
unpublished data) and Cry34/35Ab1 maize (Gassmann et al. 2016, 2020) has been
positively associated with the proportion of larvae in third instar. Slower larval
development in a number of WCR populations that exhibited comparatively lower
corrected survival was also apparent in this study. However, mean larval fresh weight
was not significantly different between Cry3Bb1 + Cry34/35Ab1 and non-Bt maize
within most field populations, which follows the same trend seen with Cry3Bb1 maize
(Figs. 2.1C, 2.2C). The lack of statistical differences between mean fresh weight of the
lab control and field population survivors on Cry3Bb1 + Cry34/35Ab1 maize may have
been an artifact of the low sample sizes (low survival) contributing to the lab control
mean and large standard errors.
In conclusion, plant-based bioassays from this study provide the first formal
confirmation of WCR field-evolved resistance to the Cry3Bb1 + Cry34/35Ab1 pyramid
in Nebraska and confirm that complete resistance to Cry3Bb1 is widespread in Cuming
County. The heavy emphasis on confined livestock production and associated history of
continuous maize production with use of rootworm-Bt hybrids has undoubtedly created
the selection pressure that led to the resistance levels identified in this study. The
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variability in corrected survival between Cry3Bb1 and Cry3Bb1 + Cry34/35Ab1 maize
among populations suggests different levels of resistance exist between Cry3Bb1 and
Cry34/35Ab1 in northeast Nebraska. Additional research is needed to understand
practical resistance and how the variability of the relationship between these Bt traits may
impact fitness/population dynamics of survivors of Cry3Bb1 + Cry34/35Ab1 maize.
Results from this study provide a snapshot of the existing WCR resistance landscape that
is duplicated in some parts of the U.S. Corn Belt that the new technology SmartStax®
PRO (newest rootworm-Bt pyramid registered in the U.S. that includes RNA interference
(RNAi) technology, USEPA 2017) will be introduced into upon commercialization.
Resistance levels identified in this study indicate it is critical to utilize a more holistic
approach to mitigate resistance and manage WCR densities/injury by using multiple
tactics within an IPM framework, especially in areas with high maize demand.
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Table 2.1. Corrected survival of Nebraska western corn rootworm populations on
Cry3Bb1 and Cry3Bb1 + Cry34/35Ab1 maize from 2018 and 2019 larval bioassays.
Cry3Bb1
Cry3Bb1 +
Bioassay
a
Population
Corrected
Cry34/35Ab1
Year
Survival
Corrected Survival
2018
C1
0.698
0.688
C2
0.986
1.211
C3
0.858
0.536
C4
0.795
0.571
C5
0.659
0.383
C6
0.844
0.286
C7
0.919
0.612
C8
0.452
0.727
S1
0.887
0.195
P1
1.095
0.607
LC
0.044
0.037
2019
C2
0.880
0.431
C3
0.506
0.369
C4
0.949
0.544
C5
0.860
0.204
C7
0.962
0.446
C8
0.826
0.487
C9
0.741
0.267
C10
0.844
0.556
C11
0.977
0.493
C12
0.645
0.402
C13
0.428
0.315
S1
0.758
0.746
Cx1
0.722
0.370
Sa1
0.142
0.166
LC
0.019
0.010
a
Population codes: Cuming (C), Stanton (S), Polk (P), Colfax (Cx), Saunders (Sa),
Laboratory Control (LC)
𝑠𝑢𝑟𝑣𝑖𝑣𝑎𝑙 𝑜𝑛 𝑖𝑠𝑜𝑙𝑖𝑛𝑒−𝑠𝑢𝑟𝑣𝑖𝑣𝑎𝑙 𝑜𝑛 𝐵𝑡
b
Corrected survival = 1−
𝑠𝑢𝑟𝑣𝑣𝑖𝑎𝑙 𝑜𝑛 𝑖𝑠𝑜𝑖𝑛𝑒
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Table 2.2. Results from the generalized linear mixed model and linear models to test for
effects of population, maize hybrid, and the population by maize hybrid interaction on
proportional survival, head capsule width, and fresh weight of western corn rootworm
larvae in 2018 and 2019 bioassays.
Model Effect
Population x
Year
Variable
Maize
Population
Maize
Hybrid
Hybrid

2018

2019

Proportional
Survival

22.35
[10, 398]
< 0.0001

83.87
[2, 398]
< 0.0001

7.73
[20, 398]
< 0.0001

Head Capsule
Width

9.13
[10, 342]
< 0.0001

52.11
[2, 342]
< 0.0001

2.96
[20, 342]
< 0.0001

Fresh Weight

9.47
[10, 357]
< 0.0001

21.37
[2, 357]
< 0.0001

1.70
[20, 357]
0.0310

Proportional
Survival

23.07
[14, 579]
< 0.0001

150.02
[2, 579]
< 0.0001

6.29
[28, 579]
< 0.0001

Head Capsule
Width

5.61
[14, 432]
< 0.0001

16.52
[2, 432]
< 0.0001

1.85
[28, 432]
0.0059

Fresh Weight

6.65
[14, 470]
< 0.0001

12.60
[2, 470]
< 0.0001

1.76
[28, 470]
0.0106

Significant effects at α=0.05 level indicated with bold text.
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Figure 2.1. Survival and development of western corn rootworm populations bioassayed in 2018.
(A) Mean proportional survival ± SE (out of 12 larvae infested per plant, 12 plants infested per
hybrid), (B) mean head capsule width ± SE, and (C) mean fresh weight ± SE. Populations were
assayed from fields in Cuming (C), Stanton (S), and Polk (P) counties and laboratory-reared
control populations (LC). Asterisks above individual bars indicate significant differences between
the rootworm-Bt and isoline within a population by Tukey’s HSD (P < 0.05). ^ or + within
rootworm-Bt bars indicate significant differences between each population compared to the lab
control by Dunnett’s test (P < 0.05). The dashed lines in (B) indicate the separation between 1st
and 2nd instar (gray) and 2nd and 3rd instar (black) defined by Hammack et al. (2003).
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Figure 2.2. Survival and development of WCR populations bioassayed in 2019. (A) Mean
proportional survival ± SE (out of 12 larvae infested per plant, 12 plants infested per hybrid), (B)
mean head capsule width ± SE, and (C) mean fresh weight ± SE. Populations were assayed from
fields in Cuming (C), Stanton (S), Colfax (Cx), and Saunders (Sa) counties and laboratory-reared
control populations (LC). Asterisks above individual bars indicate significant differences between
the rootworm-Bt and isoline within a population by Tukey’s HSD (P < 0.05). ^ or + within
rootworm-Bt bars indicate significant differences between each population compared to the lab
control by Dunnett’s test (P < 0.05). The dashed lines in (B) indicate the separation between 1st
and 2nd instar (gray) and 2nd and 3rd instar (black) defined by Hammack et al. (2003).
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CHAPTER 3: CHARACTERIZING THE SUBLETHAL EFFECTS OF
SMARTSTAX® PRO DIETARY EXPOSURE ON WESTERN CORN
ROOTWORM (COLEOPTERA: CHRYSOMELIDAE) LIFE HISTORY TRAITS
3.1. Introduction
Transgenic corn (Zea mays L.) hybrids expressing insecticidal proteins derived
from Bacillus thuringiensis Berliner (Bt) have been used to manage western corn
rootworm (WCR; Diabrotica virgifera virgifera LeConte) populations across the United
States (U.S.) Corn Belt for almost two decades. Three rootworm-active Bt proteins were
commercialized and marketed as single-trait products between 2003 and 2006: Cry3Bb1
(USEPA 2003), Cry34/35Ab1 [now reclassified as Gpp34Ab1/Tpp35Ab1, Crickmore et
al. 2020] (USEPA 2005), and mCry3A (USEPA 2006). Continuous planting of singleprotein Bt corn hybrids has led to increasing reports of greater than expected injury and
subsequent confirmation of field-evolved resistance to Cry3 proteins (Gassmann et al.
2011, Gray and Spencer 2015, Wangila et al. 2015, Ludwick et al. 2017, Calles-Torrez et
al. 2019) and Cry34/35Ab1 (Gassmann et al. 2016, Ludwick et al. 2017, Calles-Torrez et
al. 2019) in multiple states across the U.S. Corn Belt. Varying levels of cross-resistance
have also been documented between Cry3Bb1 and mCry3A (Gassmann et al. 2011,
Wangila et al. 2015, Zukoff et al. 2016, Reinders et al. 2018).
To improve insect resistance management (IRM), corn hybrids expressing two or
more rootworm-active Bt proteins, defined as ‘pyramids’ (Gould 1986, Sachs et al.
1996), have been introduced into the market to gradually replace single-protein hybrids
(Andow et al. 2016). Because all commercial rootworm-Bt pyramids contain at least one
Bt protein originally sold as a single-trait product, the IRM value and durability of the
pyramid may be reduced in areas of WCR field-evolved resistance to one or more Bt
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proteins. A fourth rootworm-active Bt protein, eCry3.1Ab, was registered in 2012 and is
only sold as a component of a rootworm-active pyramid containing mCry3A (USEPA
2012). However, this protein has been shown to be cross-resistant with the other Cry3
proteins (Jakka et al. 2016, Zukoff et al. 2016). Therefore, published data confirms all
commercially available rootworm-active Bt proteins are compromised to some degree in
areas of the U.S. Corn Belt, highlighting the importance of developing additional
products with novel modes of action to complement current tactics in WCR management
programs.
SmartStax® is the longest used Bt pyramid for WCR management after
commercialization in 2009 (USEPA 2009). This transgenic pyramid contains Bt proteins
targeting both lepidopteran (Cry1A.105, Cry2Ab2, Cry1F) and coleopteran (Cry3Bb1,
Cry34/35Ab1) pests and has exhibited increased effectiveness in reducing WCR larval
feeding injury compared to single-trait hybrids (Prasifka et al. 2013, Head et al. 2014).
The most recent rootworm-Bt pyramid granted U.S. registration is SmartStax® PRO,
which includes the same insect-active proteins as SmartStax® plus the novel DvSnf7
dsRNA construct as an additional mode of action targeting the WCR (USEPA 2017).
Snf7 (sucrose non-fermenting 7) is a class E vacuolar sorting protein conserved in many
eukaryotes including WCR (Ramaseshadri et al. 2013). This DvSnf7 ortholog (Baum et
al. 2007) is part of the Endosomal Sorting Complex Required for Transport (ESCRT-III)
pathway responsible for internalizing, transporting, sorting, and degrading
transmembrane proteins (Vaccari et al. 2009, Bolognesi et al. 2012). Knockdown of
DvSnf7 increases build-up of damaged organelles, misfolded proteins, and toxic
compounds that negatively affect cell physiology and homeostasis. This disruption
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inhibits larval growth and development, leading to mortality in WCR (Ramaseshadri et
al. 2013).
Field trials assessing SmartStax® PRO root injury were conducted at 42 sites
across 9 different states from 2013-2015 (Head et al. 2017). Results indicated that
SmartStax® PRO significantly reduced WCR root injury and adult emergence (80-95%)
at all sites, even in areas with suspected Cry3Bb1 resistance. Simulation models indicated
this reduction could enhance the durability of Cry3Bb1 and Cry34/35Ab1 and decrease
the rate of resistance evolution to SmartStax® PRO relative to SmartStax® (Head et al.
2017). However, continuous cultivation of SmartStax® PRO as a mitigation strategy in
areas of Cry3Bb1 and/or Cry34/35Ab1 resistance will likely place increased selection
pressure on DvSnf7 dsRNA. Resistance to DvSnf7 dsRNA was recently reported after
seven generations of laboratory selection in a field-derived WCR population, indicating
that dsRNA resistance alleles exist in field populations and field-evolved resistance to
dsRNAs is possible with continuous selection pressure (Khajuria et al. 2018).
Life history parameters such as longevity, size, weight, fecundity, and egg
viability have been assessed in a variety of insect pest populations exposed to Bt crops
and non-Bt crops, providing information on the sublethal effects of dietary exposure to Bt
proteins. Key corn insect pests that have been examined include the corn earworm
(Helicoverpa zea (Boddie)) (Storer et al. 2001, Reisig and Reay-Jones 2015, Bilbo et al.
2018), the fall armyworm (Spodoptera frugiperda (J.E. Smith)) (Omoto et al. 2016,
Sousa et al. 2016), and WCR (Al-Deeb and Wilde 2005, Young 2009, Meissle et al.
2011). Exposure of susceptible WCR populations to the Cry3Bb1 protein has resulted in
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prolonged development time (Crowder et al. 2005, Becker 2006, Murphy et al 2010,
Clark et al. 2012, Hitchon et al. 2015), decreased adult longevity (Al-Deeb and Wilde
2005, Nowatzki et al. 2006, Young 2009), reduced adult size (Young 2009, Meissle et al.
2011), and lower fecundity (Oyediran et al. 2005, Young 2009, Meissle et al. 2011).
Similar results have been reported with Cry34/35Ab1, as sublethal exposure led to
decreased lifespan (Pan et al. 2011), reduced adult weight (Binning et al. 2010), and
lower fecundity (Pan et al. 2011). Egg viability was not significantly affected by
Cry3Bb1 dietary exposure (Al-Deeb and Wilde 2005, Young 2009) or one generation of
Cry34/35Ab1 selection (Lefko et al. 2008). However, life history traits of WCR
populations exposed to rootworm-Bt pyramids or SmartStax® PRO have not been
characterized.
Therefore, as part of a larger study to characterize the effect of SmartStax® PRO
dietary exposure on WCR biological fitness, the objective of this study was to compare
life history traits of WCR male/female pairs after various dietary exposure regimens to
SmartStax® PRO or non-rootworm Bt corn. Because WCR life history traits can be
negatively affected by dietary exposure to Cry3Bb1 or Cry34/35Ab1, the working
hypothesis for these experiments was: sublethal effects of SmartStax® PRO exposure will
negatively affect WCR life history traits. Collectively, this information will provide
empirical data for use in IRM models and inform efforts to optimize IRM strategies.
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3.2. Materials and Methods
3.2.1. Study Location and WCR Collection
An on-farm research site located in Colfax County, Nebraska, was used for 2018
and 2019 experiments. This stewarded research site was chosen due to its history of high
rootworm densities, continuous cultivation of rootworm-Bt hybrids, and enhanced ability
to obtain enough WCR from SmartStax® PRO plots for use in experiments. Some smallplot field trials with SmartStax® PRO had previously been cultivated in parts of the field;
therefore, the WCR population also had some exposure to the DvSnf7 dsRNA trait prior
to this study. Field plots of SmartStax® PRO and non-rootworm Bt of similar genetic
background (hereafter referred to as ‘isoline’) measuring 8 rows wide by 9m in length
were replicated 3 times in a randomized complete block design during the 2018 growing
season. Plants within the center 4 rows of each plot were cut down to approximately
0.75m in height and individual emergence tents (3.7m x 3.7m x 1.9m) were erected over
each plot on 23 July 2018. Any WCR found within tents were removed after tent
placement to ensure all adults used in experiments emerged from the proper treatment. In
2019, both treatments were replicated 4 times in a randomized complete block design.
Plots were 6 rows wide by 9m in length. Plants were cut to a height of 0.75m and two
emergence tents were erected over 5 rows in each plot on 10 July 2019 prior to adult
emergence. Expression of the Cry3Bb1 and Cry34/35Ab1 proteins was confirmed using
QuickStix lateral flow strips (Envirologix, Inc., Portland, ME) in each treatment. Plants
failing to express both Bt proteins were removed. Corn plants in isoline plots were also
tested for negative expression of rootworm-Bt proteins to eliminate possible volunteer
plants in plots.
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WCR adults were aspirated from emergence tents twice weekly using insect
collecting chambers inside a SKIL® heavy duty hand-held DC vacuum/aspirator with an
attached 18V (1.2Ah) nickel-cadmium battery pack (BioQuip Products, Inc., Rancho
Dominguez, CA). WCR were maintained in separate insect collecting chambers by
treatment and replication then transported back to the laboratory at the University of
Nebraska-Lincoln. Adult collections took place over the course of 6 weeks in 2018 and 7
weeks in 2019 (26 July-29 August 2018 and 15 July-27 August 2019). Additional
information on adult emergence can be found in Table 3.1.
3.2.2. Greenhouse Corn Production
SmartStax® PRO and isoline corn plants were grown in a University of NebraskaLincoln greenhouse to provide fresh ear tissue for WCR dietary exposure experiments
from 2018-2020. Individual raised wooden planter boxes (2m x 2m x 1m) were filled
with native silty clay loam soil removed from the University of Nebraska Eastern
Nebraska Research and Extension Center (UNL-ENREC, Ithaca, NE). Soil had not been
treated with herbicides or insecticides for over 20 years. Prior to planting, each planter
box was deep-watered (Ross® Root Feeder Deep Irrigation Feeding System, Easy
Gardener Products, Inc., Waco, TX) and fertilizer (75g) was applied (Earl May® Garden
& Plant Food Plus fertilizer; 10% N, 10% P, 10% K). In total, 6 planter boxes of each
hybrid were planted biweekly from mid-April until late-July to provide an adequate
amount of ear tissue for laboratory experiments. Each planter box contained four rows of
corn planted 46cm apart with 15 cm seed spacing within rows. Protein expression of
Cry3Bb1 and Cry34/35Ab1 in SmartStax® PRO plants was confirmed by using
QuickStix lateral flow strips at the V4-V6 growth stage (Abendroth et al. 2011). Tassel
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bags (13.3cm x 14.6cm x 10.8cm x 35.6cm, Seedburo Equipment Company, Des Plaines,
IL) were placed over tassels once visible to prevent pollen shed. Silks on each ear were
hand-pollinated to prevent cross-pollination between treatments. Corn ears were
harvested between the R2-R3 (blister to milk) stage for use in WCR feeding experiments.
3.2.3. Lifetime Dietary Exposure Experiment
In 2018 and 2019, WCR males and females from individual field plots were
maintained on their respective ear tissue in separate plexiglass cages (28cm3) for 3-5 days
to facilitate mating and initial egg development in females. Individual females from each
treatment and replication were then placed in polystyrene oviposition boxes (5.9cm x
5.9cm x 7.8cm; ShowMan Box, Althor Products, Windsor Locks, CT) with a 2.5cm
cross-section of ear tissue placed on a rectangular plastic shelf (4.5cm x 2.5cm x 1.5cm)
attached to the lid of the box with Velcro®. A mixed substrate of autoclaved silty clay
loam soil (65g) sifted through a U.S.A. Standard Testing Sieve No. 60 (Thermo Fisher
Scientific, Waltham, MA) moistened with distilled water (20mL) was provided in the
bottom of each polystyrene box as an oviposition site. Adult emergence from field plots
determined the number of male/female pairs created for each treatment. The same
number of male/female pairs were established on isoline diet in the 2018 and 2019
experiment (n=87). However, the number of male/female pairs fed SmartStax® PRO ear
tissue was different between 2018 (n=65) and 2019 (n=18).
Female mortality was recorded every 3-4 days when ear tissue was replaced.
Dead females were placed in plastic vials containing 70% ethanol and adult longevity
was calculated as the difference between the mortality date and field collection date.
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Head capsule widths were measured to the nearest 0.01mm using an AmScope 3.5X-90X
Simul-Focal Trinocular Stereo Zoom microscope with an attached 18MP USB3 Camera
(United Scope LLC, Irvine, CA). After female mortality was observed, eggs were
collected by washing the oviposition substrate through a No. 60 sieve to remove soil;
eggs were then moved to a milk filter (KenAg, Ashland, OH) and counted under a
microscope to determine lifetime egg production per female. Eggs were transferred to
Petri dishes (Thermo Fisher Scientific, Waltham, MA) containing moistened autoclaved
soil (27g soil, 10mL distilled water) and covered with a light layer of dry autoclaved soil.
Petri dishes were sealed with Parafilm M (Bemis Company, Inc., Neenah, WI) and
subjected to an overwintering regimen (25C for 1 month, 10C for 1 month, and 7C for
approximately 4-5 months) to allow diapause development and termination to occur
(Fisher 1989).
After diapause termination the following spring, eggs were placed at 25C for 12
days. Eggs laid by females within the same emergence week were pooled across
treatment replications and washed through a No. 60 sieve to remove soil. From this
composite sample, 50 random eggs were transferred to a Petri dish lined with moistened
Whatman™ Qualitative Filter Paper: Grade 1 Circles (Thermo Fisher Scientific,
Waltham, MA), and replicated 6 times per emergence week for each treatment in which
eggs were collected. WCR were collected from SmartStax® PRO and isoline plots during
6 emergence weeks in 2018 (n=36 per treatment). In 2019, WCR were collected from
SmartStax® PRO plots during 3 weeks in (n=18) and isoline plots for 7 weeks (n=42).
Once eggs were transferred to the filter paper, each Petri dish was sealed with Parafilm M
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and held at 25C. Newly eclosed neonate larvae were counted and removed from each
Petri dish daily to calculate egg viability.
3.2.4. Male Dietary Exposure Experiment
An experiment to characterize the indirect effects of male WCR dietary exposure
to SmartStax® PRO or isoline corn on female fecundity was conducted in 2018. WCR
males collected from individual field plots were maintained on their respective ear tissue
in separate plexiglass cages (28cm3) for 3-5 days to promote reproductive development
and sexual maturation. In the laboratory, an F1 WCR population from the UNL-ENREC
was reared to adulthood following the standard University of Nebraska-Lincoln rearing
protocol to obtain virgin females (Appendix II). This population was chosen for use in
this experiment because of its susceptibility to Bt proteins (Wangila et al. 2015, Reinders
et al. 2018) and decreased likelihood of existing fitness effects from prior selection with
Bt proteins.
Emerging adults were aspirated from the rearing cage daily and virgin females
were maintained in 28cm3 plexiglass cages by date with a cross-section of isoline ear
tissue for 3 days prior to use in this experiment. The UNL-ENREC population emergence
curve was timed to coincide with the natural emergence curve to have WCR of similar
ages placed in polystyrene oviposition boxes. One field-collected male and one teneral
laboratory-reared female were placed in a polystyrene oviposition box with oviposition
substrate and a cross-section of isoline ear tissue as previously described. In total, 26
male/female pairs were established with males emerging from SmartStax® PRO plots
across 5 emergence weeks, and 78 male/female pairs were created with males emerging
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from isoline plots across 6 weeks. Life history parameters including male longevity, male
head capsule width, lifetime egg production, and egg viability were characterized using
the procedures outlined above.
3.2.5. Adult Dietary Exposure Experiment
In 2019, WCR from individual field plots were placed in separate plexiglass cages
(28cm3) and male/female pairs from each treatment and replication were transferred to
polystyrene oviposition boxes containing oviposition substrate within 24h after
collection. Male/female pairs from isoline plots were fed cross-sections of SmartStax®
PRO or isoline ear tissue to simulate different adult exposures (n=80 per treatment). Few
WCR emerged from SmartStax® PRO field plots in 2019 (Table 1); therefore, the
reciprocal dietary exposure regimens were not conducted. Life history parameters
including adult longevity, adult head capsule width, lifetime egg production, and egg
viability (6 replications x 6 emergence weeks per treatment) were characterized using the
procedures outlined above.
Extra adult WCR collected from isoline plots by emergence week in 2019 were
placed into a single 28cm3 plexiglass cage for egg collection; F1 eggs were collected from
6 of 7 emergence weeks for use when repeating the experiment in 2020. This enabled
WCR from the same site with a similar genetic background to be used for each
experiment. F1 neonates from each emergence week were reared on non-Bt corn to
adulthood on a staggered schedule following the standard University of NebraskaLincoln rearing protocol. Male/female pairs from each treatment and emergence week
were transferred to polystyrene oviposition boxes containing oviposition substrate within
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24h after emergence and fed a cross-section of SmartStax PRO or isoline ear tissue.
Within each emergence week for both treatments, 12 male/female pairs were established
(n=72 per treatment). Life history parameters (longevity, head capsule width, lifetime egg
production) were characterized as previously described.
3.2.6. Single-Plant Larval Bioassays
Eggs from adult WCR collected from isoline tents during 2018 and 2019 trials
that were not used in experiments were also used in plant-based bioassays the following
year. An additional adult WCR collection was made during both years at the University
of Nebraska Eastern Nebraska Research and Extension Center (UNL-ENREC). This
population has served as a field control in previous studies (Wangila et al. 2015, Reinders
et al. 2018). The collection area is annually surrounded by a large refuge of continuous
non-rootworm Bt corn, which maintains WCR that are susceptible to rootworm-Bt corn.
The procedures used to collect eggs, maintain adults, and temperature regimens used to
facilitate egg diapause and post-diapause development are described in Wangila et al.
(2015). Four diapausing WCR colonies (Butler Co., NE; Potter Co., SD; Finney Co., KS;
Centre Co., PA) continuously reared and maintained at the USDA-ARS North Central
Agricultural Laboratory were used as laboratory controls in 2019 and 2020 bioassays.
These populations remain susceptible to rootworm-Bt proteins because they were
collected prior to the commercialization of Bt proteins and wild-type genes have not been
introduced since initial collection.
Single-plant bioassays (Gassmann et al. 2011) were conducted with F1 neonate
progeny from each population during the spring and summer of 2019 and 2020 according
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to the methods outlined in Reinders et al. (2018). WCR larvae were assayed on three corn
hybrids without seed treatments: 1) DKC 66-87 GENVT2P (non-rootworm Bt, ‘VT2P’),
2) DKC 64-69 GENVT3P (Cry3Bb1, ‘VT3P’), and DKC 64-34 GENSS (Cry3Bb1 +
Cry34/35Ab1, ‘SSX’).
3.2.7. Statistical Analysis
All data were analyzed using SAS 9.4 software (SAS Institute, Cary, NC).
Statistical significance was estimated at α=0.05 for all analyses. Separate analyses were
conducted for each year an experiment was conducted. Prior to conducting the final
analysis for adult longevity, an initial analysis was conducted to test for variation in field
replications within each experiment. A generalized linear mixed model (implemented
using PROC GLIMMIX) following a negative binomial distribution (Stroup 2015, Stroup
et al. 2018) was used to analyze the effect of diet treatment on adult WCR longevity in all
experiments. The initial model included diet treatment and field replication as fixed
factors and the interaction of diet treatment and field replication was included in the
model as a random factor to ensure the denominator degrees of freedom accurately
represented the experimental design of field plots. Because the 2020 adult dietary
exposure experiment did not include field replications, the initial model for this
experiment included diet treatment and emergence week as fixed factors and the
interaction of diet treatment and emergence week as a random factor. The main effect of
field replication or emergence week was not significant in any analyses and was therefore
removed from the model.
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In the final analysis, a generalized linear mixed model (implemented using PROC
GLIMMIX) following a negative binomial distribution with a one-way treatment
structure was used to analyze the effect of diet treatment on adult WCR longevity. The
model included diet treatment as a fixed factor and the interaction of diet treatment and
field replication or emergence week as a random factor based upon the experimental
design. The LSMEANS statement with the SLICEDIFF option was used to identify
significant differences in adult WCR longevity between diet treatments. A post hoc
analysis was not conducted because only two group means were analyzed. Results from
diet treatment LSMEANS and associated standard errors are reported in this manuscript.
The same analysis procedure was used to analyze the effect of diet treatment on mean
adult head capsule width (linear mixed model following a normal distribution) and
lifetime egg production (generalized linear mixed model following a negative binomial
distribution). Separate analyses were conducted for male and female adult head capsule
width.
Prior to conducting the final analysis for F1 egg viability in each experiment, an
initial analysis was conducted to test for variation in emergence weeks within each
experiment. A generalized linear mixed model (implemented using PROC GLIMMIX)
following a beta distribution (Ferrari and Cribari-Neto 2004, Stroup 2015) was used to
analyze the effect of diet treatment on the proportion of viable F1 eggs in all experiments.
The initial model included diet treatment and emergence week as fixed factors and the
interaction of diet treatment and emergence week was included in the model as a random
factor to ensure the denominator degrees of freedom accurately represented the
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experimental design. The main effect of emergence week was not significant in any
analyses and was therefore removed from the model.
In the final analysis, a generalized linear mixed model (implemented using PROC
GLIMMIX) following a beta distribution with a one-way treatment structure was used to
analyze the effect of diet treatment on F1 egg viability. The model included diet treatment
as a fixed factor and the interaction of diet treatment and emergence week as a random
factor. The LSMEANS statement with the SLICEDIFF option was used to identify
significant differences in F1 egg viability between diet treatments. A post hoc analysis
was not conducted because only two group means were analyzed. Results from diet
treatment LSMEANS and associated standard errors are reported in this manuscript.
A generalized linear mixed model (implemented using PROC GLIMMIX)
following a binomial distribution with a logit link function (Stroup 2015, Stroup et al.
2018) was used to evaluate proportional survival recorded in bioassays. Data from the
four laboratory control populations were pooled within a bioassay year to create a
composite sample due to the similar response among populations on each Bt hybrid
(Appendix III). Bioassay results from 2019 and 2020 were analyzed separately. The
model included population, corn hybrid, and the population by corn hybrid interaction as
fixed factors. Observation nested within the interaction of population and corn hybrid
was included in the model as a random statement to control for an overdispersion of
variance (Stroup et al. 2018). Model fit was assessed based on generalized chi-square/df
values and conditional residual plots. Tukey’s HSD test was used to control for type I
error rates when making pairwise comparisons.
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3.3. Results
3.3.1. Lifetime Dietary Exposure Experiment
Mean WCR adult female longevity was not significantly affected by diet in 2018
(F1,4=0.58, P=0.4892) or 2019 (F1,5=4.97, P=0.0763) experiments (Fig. 3.1A), but
lifetime SmartStax® PRO exposure did significantly reduce mean female head capsule
width (HCW) in 2018 (F1,4=33.88, P=0.0043) and 2019 (F1,5=108.25, P=0.0001)
experiments (Fig. 3.1B). Diet did not significantly affect mean egg production in 2018
(F1,4=5.99, P=0.0706), but a significant decrease in egg production after SmartStax® PRO
dietary exposure was observed in 2019 (F1,5=92.98, P=0.0002) (Fig. 3.1C). F1 egg
viability was not significantly affected by diet in 2018 (F1,10=0.10, P=0.7591) or 2019
(F1,8=2.66, P=0.1413) experiments (Fig. 3.1D).
3.3.2. Male Dietary Exposure Experiment
Mean male longevity was not significantly affected by diet (F1,4=5.09, P=0.0871)
(Fig. 3.2A), but a significant decrease in mean male head capsule width was associated
with larval SmartStax® PRO dietary exposure (F1,4=7.79, P=0.0492) (Fig. 3.2B). Male
diet prior to mating did not significantly affect lifetime egg production of F1 UNLENREC females (F1,4=0.07, P=0.8084) (Fig. 3.2C) or F1 egg viability (F1,9=1.74,
P=0.2195) (Fig. 3.2D).
3.3.3. Adult Dietary Exposure Experiment
Adult SmartStax® PRO dietary exposure significantly decreased mean male
(2019: F1,6=9.55, P=0.0214; 2020: F1,10=11.48, P=0.0069) and female (2019: F1,6=13.52,
P=0.0104; 2020: F1,10=6.94, P=0.0250) longevity (Figs. 3.3A, 3.3B). Adult diet did not
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significantly affect mean male head capsule width in the 2019 experiment (F1,6=0.92,
P=0.3754). However, male head capsule width was significantly larger on WCR fed
SmartStax® PRO diet than the isoline diet in the 2020 experiment (F1,10=8.58, P=0.0151)
(Fig. 3.3C). Mean head capsule width of adult female WCR was not significantly
different between adult diets in 2019 (F1,6=0.02, P=0.9052) and 2020 (F1,10=1.25,
P=0.2896) experiments (Fig. 3.3D). Adult SmartStax® PRO dietary exposure resulted in
a significant decrease in mean egg production in 2019 (F1,6=171.21, P<0.0001) and 2020
(F1,10=22.33, P=0.0008) experiments (Fig. 3.3E). Viability of F1 eggs was not
significantly affected by adult diet treatment in the 2019 (F1,10=1.41, P=0.2618)
experiment (Fig. 3.3F).
3.3.4. Single-Plant Larval Bioassays
A significant interaction between population and corn hybrid for proportional
survival occurred in both 2019 and 2020 bioassays (2019: F4,207=20.32, P<0.0001; 2020:
F4,207=25.46, P<0.0001) (Fig. 3.4). Mean survival between the Cry3Bb1 and non-Bt
hybrid was not significantly different in 2019 and 2020 Colfax Co. bioassays, but mean
survival on SmartStax® was significantly lower than the non-Bt hybrid in both bioassay
years. The Colfax Co. population exhibited significantly higher mean survival on the
Cry3Bb1 and SmartStax® hybrids in both bioassay years compared to the Saunders Co.
and lab control populations, which had very low mean survival on each Bt hybrid. The
Saunders Co. and lab control populations also exhibited significantly lower mean survival
on both rootworm-Bt hybrids compared to the non-Bt hybrid in both bioassay years.
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3.5. Discussion
The great reduction in adult emergence (97.1-99.7%) observed after WCR
exposure to SmartStax® PRO falls within the range previously reported in SmartStax®
PRO field trials conducted across the U.S. Corn Belt (Head et al. 2017). Single-plant
larval bioassays confirm a high level of resistance Cry3Bb1 (i.e., survival not
significantly different between Bt and non-Bt hybrid) and a lower level of resistance to
SmartStax® (i.e., significantly higher survival on non-Bt hybrid versus Bt hybrid) at the
Colfax Co. study site (Fig. 3.4). Results from this study suggest that SmartStax® PRO can
significantly reduce adult densities even in areas where WCR exhibits a level of
resistance to one or more Bt components of the SmartStax® PRO pyramid.
The significant decrease in adult male (Fig. 3.3A) and female (Fig. 3.3B)
longevity associated with adult SmartStax® PRO exposure may reduce the mating and
oviposition periods under field conditions. Previous research indicates that male mating
ability and the number of mating attempts declines with age (Kang and Krupke 2009a).
Male WCR require 5-7d of post-emergence development to reach sexual maturity and
most males mate with newly emerged females upon reaching sexual maturity (Spencer et
al. 2009). Most additional mating attempts occur within 10d after initial mating and
decline in frequency from 11-20d after initial mating (Kang and Krupke 2009a).
Therefore, the approximately 7-10d reduction in male lifespan observed in this study may
be sufficient to reduce the number of mating attempts under field conditions. In WCR
females, the pre-ovipositional period can range from 6d (Sherwood and Levine 1993) to
21d (Short and Hill 1972) and oviposition can occur for up to 60d after successful mating
(Branson and Johnson 1973, Hill 1975, Sherwood and Levine 1993). Previous studies
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indicate that WCR oviposition peaks around 10-15d into the oviposition period and
declines with time (Branson and Johnson 1973, Hill 1975). The shortened female lifespan
may decrease lifetime egg production but may not affect the peak oviposition period.
Additional research is needed to understand the potential impacts of reduced adult WCR
longevity identified in this study on the population density present the subsequent
growing season.
Head capsule width is a relatively stable phenotypic parameter (Li et al. 2009)
commonly used to assess fitness in WCR larvae and adults (Branson and Sutter 1985,
Weiss et al. 1985, Murphy et al. 2011). Sublethal exposure to Bt corn (El Khishen et al.
2009, Li et al. 2009, Murphy et al. 2011) or larval crowding and associated food
availability (i.e., density-dependent effects) (Branson and Sutter 1985) can significantly
decrease adult head capsule width. Because of the significant density reduction in
SmartStax® PRO plots, crowding and food availability should not have been limiting
factors. Therefore, the significant reduction in adult head capsule width observed in this
study is likely a result of sublethal exposure to one or more rootworm-active traits in the
SmartStax® PRO pyramid. WCR pre-copulatory behavior provides an opportunity for
discriminatory mate selection based upon size of the opposite sex and could play an
important role in mating dynamics within large cornfields. Large males tend to initiate
mating earlier and mate more frequently than small males (Quiring and Timmons 1990).
Positive relationships between female size and the number of male mating attempts
(Kang and Krupke 2009b) and female head capsule width with lifetime fecundity
(Branson and Sutter 1985) have also been observed. Based on the results from this study,
WCR emerging from non-Bt refuge plants in a 95:5 seed blend when larval densities are
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not extremely high may be larger than WCR emerging from SmartStax PRO plants.
Larger females emerging from refuge plants may refuse smaller males emerging from
SmartStax® PRO plants (Quiring and Timmons 1990, Murphy and Krupke 2011).
However, lifetime egg production was not affected when smaller males emerging from
SmartStax® PRO plants were mated with refuge females (Fig. 3.2C), suggesting the
sublethal effect of SmartStax® PRO on male fertility was minimal. Males emerging from
refuge plants may be less likely to mate with smaller females emerging from SmartStax®
PRO plants, which may promote assortative mating between smaller individuals
emerging from SmartStax® PRO plants and accelerate resistance evolution.
The reduced egg production of females exposed to a lifetime diet of SmartStax®
PRO in this study may partially be explained by the correlation between female head
capsule width and lifetime fecundity (Branson and Sutter 1985). However, size
differences would not explain the decrease in egg production of WCR females exposed to
SmartStax® PRO in the adult exposure experiment (Fig. 3.3E). Therefore, dietary
exposure to one or more traits in SmartStax® PRO likely contributed directly or indirectly
to the reduced egg production observed in this study. Egg viability was not significantly
affected by lifetime or adult SmartStax® PRO dietary exposure in this study, which is
similar to results reported for susceptible WCR populations exposed to Cry3Bb1 (AlDeeb and Wilde 2005, Young 2009) or Cry34/35Ab1 (Lefko et al. 2008). Although egg
fertility remains high, these findings collectively suggest that sublethal exposure to
SmartStax® PRO significantly reduces lifetime egg production and contributes to an
overall reduction in fecundity. The reductions in adult WCR longevity, size, and egg
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production collectively support the working hypothesis that WCR dietary exposure to
SmartStax® PRO will negatively affect WCR life history traits.
In this study, the substantial effects on WCR life history traits and biological
fitness caused by dietary exposure to SmartStax® PRO were present even though
resistance to Cry3Bb1 and SmartStax® was confirmed in laboratory bioassays (Fig. 3.4)
and the Colfax Co. population had some previous exposure to DvSnf7 dsRNA. It is
unclear which rootworm-active traits contributed to the decrease in biological fitness
observed. Dietary exposure to Cry3Bb1 or Cry34/35Ab1 can cause significant fitness
effects in susceptible populations. However, because the Colfax Co. WCR population
exhibited complete resistance to Cry3Bb1 and few fitness costs have been associated with
Cry3Bb1 resistance (Gassmann 2021), this suggests that the negative effects on life
history traits observed may have been associated with dietary exposure to Cry34/35Ab1
(SmartStax® incomplete resistance) or DvSnf7 dsRNA. This would have to be confirmed
because limited information is currently available on the possible impact these two traits
may have on WCR fitness. Variable results could be obtained depending on which traits
contribute to fitness costs and whether susceptible or resistant WCR populations are
exposed to the pyramid. Therefore, a broader dataset is needed to sort out fitness cause
and effect scenarios when SmartStax® PRO is deployed in the field.
The refuge concept is a required component of any IRM plan (USEPA 2005,
Cullen et al. 2013, Andow et al. 2016). IRM theory predicts that fitness costs can delay or
reverse resistance evolution by reducing the frequency of resistance alleles in a refuge
population (Gassmann et al. 2009). This is dependent on the refuge consisting of
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susceptible individuals (Gould 1998, Tabashnik et al. 2004, Gassmann et al. 2009). The
value of the refuge diminishes as resistance in a metapopulation increases in the
landscape (Gassmann 2021). The function of the refuge could be challenged in some
areas where SmartStax® PRO will be grown, especially where varying levels of WCR
resistance to one or more Bt proteins occurs and in areas with neighborhood clusters of
Bt resistance (Reinders et al. 2018, Shrestha et al. 2018, St. Clair et al. 2020a, Reinders
Chapter 2).
Because few fitness costs have been associated with WCR resistance to Bt traits
(Gassmann 2021) and Bt resistance alleles can persist when selection pressure is removed
for up to six generations (St. Clair et al. 2020b, Paddock et al. 2021), WCR population
reversion to susceptibility in the field is unlikely. Because Cry34/35Ab1 is a component
of most rootworm-Bt pyramids, selection pressure is unlikely to be removed for a
significant length of time at the individual field or metapopulation level in areas of
intensive continuous corn production. Genetic mixing within the metapopulation due to
the movement of WCR resistance alleles at the landscape level (Reinders et al. 2018, St.
Clair et al. 2020c) may also prevent or slow this reversion to susceptibility. However,
Cry34/35Ab1 is still a functional trait in many areas of the U.S. Corn Belt and WCR
populations have not been exposed to DvSnf7 dsRNA in commercial fields. Therefore, a
refuge population that is susceptible to one or more of the pyramided rootworm traits in
SmartStax® PRO should be present in many areas when SmartStax® PRO is
commercially introduced.
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The great reduction in survival to adulthood and the sublethal effects of
SmartStax® PRO dietary exposure on WCR biological fitness observed in this study
collectively suggest that population suppression may occur when SmartStax® PRO is
deployed in the field. The SmartStax® PRO pyramid will be sold as a 95:5 seed blend,
facilitating ingestion of transgenic tissue by almost all WCR present in a field at some
point during their life cycle. Although the feeding duration necessary to cause detrimental
effects on biological fitness parameters is currently unknown, results from the adult
exposure experiment suggest that the reproductive capability of individuals emerging
from refuge plants or migrating into fields planted with SmartStax® PRO could be
significantly impacted and contribute to population suppression. Because extreme
population reduction may occur on a farm if SmartStax® PRO is widely planted and a
high proportion of individuals within the WCR population may be affected due to adult
exposure, high selection pressure will be placed on the combination of traits present in
SmartStax® PRO. Modeling is needed to test the population suppression hypothesis and
determine the potential for resistance evolution under various scenarios to inform IRM
strategies. Deploying SmartStax® PRO within an integrated pest management framework
will be critical to reduce selection and slow resistance evolution to RNAi technology. In
continuous corn production areas of the U.S. Corn Belt, plant-incorporated protectant
options are limited and metapopulations within an area will continuously be exposed to
existing Bt protein combinations. The decrease in population density associated with
SmartStax® PRO cultivation may allow growers to rotate management tactics in the
subsequent growing season, prolonging the durability of this new product. A more
holistic approach to WCR management, including tactics such as crop rotation,
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alternating Bt protein combinations (when available), periodic use of non-rootworm Bt
hybrids plus soil insecticides or high-rate seed treatments, and foliar insecticides targeting
adults, is needed to preserve WCR susceptibility to SmartStax® PRO and future plantincorporated protectants.
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Table 3.1. Stand count and emergence data for SmartStax PRO and isoline field plots.
®

Year

Treatment

Plants/Plota

Total Emergenceb

# WCR/Plant

% Reductionc

2018

SmartStax® PRO

89

125

0.47

97.1%

Isoline

93

4,406

15.7

-

SmartStax® PRO

76

27

0.04

99.7%

Isoline

64

7,846

15.5

-

2019

a

Mean number of plants within emergence tents per treatment.
Total number of western corn rootworm adults collected from all emergence
tents per treatment.
c
Percent reduction in adult emergence due to SmartStax® PRO larval exposure.
b
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Figure 3.1. Life history parameters characterized during lifetime dietary exposure
experiments in 2018 and 2019. A) Mean female longevity (days), B) Mean female head
capsule width (HCW; μm), C) Mean egg production per female, and D) Proportion of
viable F1 eggs. Data from 2018 and 2019 experiments were analyzed separately.
Individual bars represent the mean ± standard error and include the number of
male/female pairs (n) established for each diet treatment. Asterisks indicate significant
differences between diet treatments within years (P<0.05).
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Figure 3.2. Life history parameters characterized during the male dietary exposure
experiment conducted in 2018. A) Mean male longevity (days), B) Mean male head
capsule width (HCW; μm), C) Mean egg production per ENREC female by male diet
prior to mating, and D) Proportion of viable F1 eggs from ENREC females by male diet
prior to mating. Individual bars represent the mean ± standard error and include the
number of male/female pairs (n) established for each male diet treatment. Asterisks
indicate significant differences between diet treatments (P<0.05).
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Figure 3.3. Life history parameters characterized during adult dietary exposure
experiments in 2019 and 2020. A) Mean male longevity (days), B) Mean female
longevity (days), C) Mean male head capsule width (HCW; μm), D) Mean female head
capsule width (HCW; μm), E) Mean egg production per female, and F) Proportion of
viable F1 eggs. Data from 2019 and 2020 experiments were analyzed separately.
Individual bars represent the mean ± standard error and include the number of
male/female pairs (n) established for each diet treatment. Asterisks indicate significant
differences between diet treatments within years (P<0.05).
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Figure 3.4. Mean larval survival (± SE) of western corn rootworm populations used in
plant-based bioassays. A) 2019 bioassays and B) 2020 bioassays. Bars with the same
letter were not significantly different (generalized linear mixed model, P>0.05).
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CHAPTER 4: ASSESSING THE EFFECT OF DIETARY EXPOSURE TO
SMARTSTAX® PRO CORN ON WESTERN CORN ROOTWORM
(COLEOPTERA: CHRYSOMELIDAE) F1 POPULATION GROWTH AND
BIOLOGICAL FITNESS
4.1. Introduction
The western corn rootworm (WCR), Diabrotica virgifera virgifera LeConte, is a
univoltine pest of field corn (Zea mays L.) distributed throughout the United States (U.S.)
Corn Belt. Initial egg hatch occurs during late May to early June with most larval feeding
on the root system taking place in June and July (Meinke et al. 2009). Adult emergence
often begins in late June to early July, with peak emergence occurring in July (Quiring
and Timmons 1990, Darnell et al. 2000, Meinke et al. 2009). Although interfield
movement of adult WCR can impact the population density present in a cornfield
(Godfrey and Turpin 1983, Meinke 1995, Darnell et al. 2000), the total population
density in a continuous cornfield (i.e., ≥ 2 successive years) is often greatly affected by
the number of WCR adults emerging from that specific field (Meinke et al. 2009).
Tethered flight studies have indicated that most adult WCR movement is trivial (e.g.,
intrafield) (Coats et al. 1986, Naranjo 1990, Stebbing et al. 2005). Therefore, broadcast
application of insecticides or in planta expression of plant-incorporated protectants (PIPs)
can place significant selection pressure on WCR populations at the local level and
facilitate resistance evolution.
Planting of transgenic corn hybrids expressing Bacillus thuringiensis (Bt) Berliner
proteins is the primary management tactic used by growers to manage WCR population
densities in areas of continuous corn production (Andow et al. 2016, Meinke et al. 2021).
Because Bt proteins targeting the WCR are not expressed at high-dose levels (i.e., kills
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99.99% of susceptible individuals or expresses 25x the Bt protein necessary to kill
susceptible individuals; USEPA 2001), some survival to the adult stage occurs
(Gassmann et al. 2011, Clark et al. 2012). The fitness of individuals surviving sublethal
exposure to Bt proteins can potentially impact population dynamics and the rate of
resistance evolution.
Life history parameters such as longevity, size, weight, fecundity, and egg
viability are often measured in insect pest populations exposed to Bt crops and non-Bt
crops, providing information on the sublethal effects of dietary exposure to Bt proteins
that may be contributing to fitness (e.g., Storer et al. 2001, Reisig and Reay-Jones 2015,
Omoto et al. 2016, Bilbo et al. 2018). Exposure of susceptible WCR populations to the
Cry3Bb1 protein has resulted in prolonged development time (Crowder et al. 2005,
Becker 2006, Murphy et al. 2010, Clark et al. 2012, Hitchon et al. 2015), decreased adult
longevity (Al-Deeb and Wilde 2005, Nowatzki et al. 2006, Young 2009), reduced adult
size (Young 2009, Meissle et al. 2011), and lower fecundity (Oyediran et al. 2005, Young
2009, Meissle et al. 2011). Similar results have been reported with Cry34/35Ab1, as
sublethal exposure led to decreased lifespan (Pan et al. 2011), reduced adult weight
(Binning et al. 2010), and lower fecundity (Pan et al. 2011). Egg viability was not
significantly affected by Cry3Bb1 dietary exposure (Al-Deeb and Wilde 2005, Young
2009) or one generation of Cry34/35Ab1 selection (Lefko et al. 2008). Less is known
about Bt resistant WCR populations, but current knowledge indicates that fitness costs
associated with Bt proteins such as Cry3Bb1 are minimal (Gassmann 2021) and
resistance can be maintained in a population over time in the absence of selection
(Gassmann et al. 2012, Wangila and Meinke 2017, St. Clair et al. 2020).
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The newest transgenic technology registered for WCR management in the U.S. is
SmartStax® PRO, which contains two rootworm-active Bt proteins (Cry3Bb1,
Cry34/35Ab1) and the novel DvSnf7 double-stranded RNA (dsRNA) construct (USEPA
2017). The use of a dsRNA construct to induce an RNA interference (RNAi) response is
a novel approach for managing WCR populations and SmartStax® PRO is the first
rootworm-Bt pyramid containing three distinct modes of action. A significant decrease in
adult emergence associated with SmartStax® PRO exposure has been observed under
field conditions, even in areas with Cry3Bb1 resistance (Head et al. 2017, Reinders
Chapter 3). Initial work with this pyramid identified significant effects of lifetime and
adult SmartStax® PRO dietary exposure on WCR life history traits including adult
longevity, adult head capsule width, and egg production in a WCR population with
complete resistance (i.e., equivalent survival on Bt and non-Bt corn, Ingber and
Gassmann 2015) to Cry3Bb1 and incomplete resistance (i.e., higher survival on Bt corn
compared to susceptible control populations but lower survival on Bt versus non-Bt corn,
Gassmann et al. 2009) to the Cry3Bb1 + Cry34/35Ab1 pyramid (Reinders Chapter 3).
Using life history data to calculate parameters such as net reproductive rate (R0)
and intrinsic rate of increase (r) can provide estimates of the overall population growth
rate of insect populations surviving sublethal exposure to transgenic crops (e.g., Tetreau
et al. 2017, Guo et al. 2019, Niu et al. 2019). Results from Reinders (Chapter 3) suggest
that the combination of rootworm-active traits in SmartStax® PRO could have a
significant effect on population growth rate of the subsequent generation. Pereira et al.
(2019) reported a significant decrease in the net reproductive rate (R0) of southern corn
rootworm (Diabrotica undecimpunctata howardi Barber) exposed to vacuolar ATPase-A
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(vATPase A) dsRNA after 9 generations of selection (Pereira et al. 2019). This suggests a
similar trend could be possible when WCR populations are exposed to DvSnf7 dsRNA as
a component of SmartStax® PRO. Therefore, an assessment of the effect of lifetime
SmartStax® PRO exposure in the parental generation on the population growth and life
history traits of F1 progeny was conducted to obtain additional empirical data regarding
the overall biological fitness of WCR populations surviving exposure to this new
technology. To address this, an individual-based simulation model using life history data
from a laboratory experiment characterizing the effects of lifetime dietary exposure to
SmartStax® PRO or non-Bt corn was used to estimate the effect of diet treatment on F0
net reproductive rates and subsequent F1 population growth. Life history parameters of F1
progeny from F0 WCR male/female pairs exposed to a lifetime diet of SmartStax® PRO
or non-Bt corn were also assessed in the absence of Bt exposure to characterize the
biological fitness of survivors from each diet treatment.
4.2. Materials and Methods
4.2.1. F1 WCR Lifetime Exposure Experiment
WCR adults (F0 generation) were collected from 3.7m x 3.7m x 1.9m emergence
tents placed over replicated field plots of SmartStax® PRO or non-rootworm Bt (hereafter
termed ‘isoline’) corn at an on-farm research site located in Colfax County, Nebraska, in
2018 and 2019. Individual F0 male/female pairs were established in polystyrene
oviposition boxes (5.9cm x 5.9cm x 7.8cm) containing oviposition substrate and a 2.5cm
cross-section of ear tissue (SmartStax® PRO or isoline) to simulate lifetime dietary
exposure. Life history parameters including adult female longevity, adult female head
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capsule width, lifetime egg production, and F1 egg viability were assessed (Reinders
Chapter 3).
A composite sample of WCR eggs produced by F0 females was created for each
diet treatment (SmartStax® PRO or isoline). This composite sample consisted of eggs
produced by F0 females collected from field plots during each week (i.e., emergence
week) across field replications. F1 WCR larvae were reared to adulthood following the
standard University of Nebraska-Lincoln rearing protocol (Appendix II). The proportion
of adults surviving to adulthood and the sex ratio of emerging adults was calculated for
use in the individual-based simulation model. Emerging F1 adults were aspirated from
rearing cages daily and placed in 28cm3 plexiglass cages by date with a cross-section of
isoline ear tissue. F1 WCR male/female pairs were placed in polystyrene oviposition
boxes 5d post-emergence to ensure adults were vigorous and sexually mature. A 2.5cm
cross-section of isoline ear tissue was provided as a food source. Life history parameters
including F1 adult longevity, F1 adult head capsule width, F1 lifetime female egg
production, and F2 egg viability were assessed using the methods outlined in Reinders
Chapter 3. Five oviposition boxes for each diet treatment and emergence week were
created for the 2019 F1 experiment (n=30 per treatment), and ten oviposition boxes for
each diet treatment and emergence week were created for the 2020 F1 experiment
(SmartStax® PRO: n=30, isoline n=70).
4.2.2. Simulation Model – Lifetime Exposure
To synthesize the collective effect of F0 diet treatment on individual life history
parameters, F0 female net reproductive rates (R0) were estimated for 100,000 females
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from each diet treatment using individual-based simulation models and bootstrapping in
RStudio (R Core Team 2020). For females exposed to a lifetime diet of isoline corn in the
2019 F0 experiment, a random value for F0 female lifetime egg production (FISO), F1 egg
viability (VISO), proportion of F1 female offspring (PISO), and F1 survival to adulthood
(SISO) was drawn from the experimental data (see Table 4.1 for mean ± SE, minimum,
maximum values) and used to calculate female net reproductive rate with the following
equation:
R0ISO = FISO * VISO * PISO * SISO

Simulations for females experiencing lifetime SmartStax® PRO dietary exposure
in the 2019 F0 experiment included a treatment effect due to the significant reduction in
mean female emergence from SmartStax® PRO field plots (PSSXP) compared to isoline
(PISO) (99.7% reduction, Reinders Chapter 3). The treatment effect (T) was estimated
with the following equation:
T = PSSXP / PISO = 0.003496503
For females exposed to a lifetime diet of SmartStax® PRO corn in the 2019 F0
experiment, a random value for F0 female lifetime egg production (FISO), F1 egg viability
(VISO), proportion of F1 female offspring (PISO), and F1 survival to adulthood (SISO) was
drawn from the experimental data (see Table 4.1 for mean ± SE, minimum, maximum
values) and used to calculate female net reproductive rate with the following equation:
R0SSXP = T * FSSXP * VSSXP * PSSXP * SSSXP
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Based on the F0 net reproductive rates calculated using the above equations, the
intrinsic growth rate of the F1 population was calculated with the following equation:
r = ln(R0 + 0.01)
Because ln(0) is not defined, 0.1 was added to female F0 net reproductive rates when
R0=0 to allow for inclusion in the model.
4.2.3. Statistical Analysis
SAS 9.4 software (SAS Institute, Cary, NC) was used to analyze life history trait
data and statistical significance was estimated at α = 0.05. Separate analyses were
conducted each year an experiment was conducted. A generalized linear mixed model
(implemented using PROC GLIMMIX) following various probability distributions was
used to analyze the impact of F0 diet treatment on F1 adult longevity (negative binomial),
F1 adult head capsule width (normal), F1 lifetime egg production longevity (negative
binomial), and F2 egg viability (beta). F0 diet treatment was included in the model as a
fixed factor and the interaction of F0 diet treatment and emergence week as a random
factor. Significant differences in F1 WCR life history parameters between F0 diet
treatments were identified using the LSMEANS statement with the SLICEDIFF option.
Means and associated standard errors from the LSMEANS are reported.
When modeling the population growth rate, the 5th and 95th quantiles for the
distribution of R0 values were calculated and used as estimates of the lower and upper
90% confidence intervals, respectively. The mean R0 value associated with each F0 diet
treatment is considered significantly different if the mean does not overlap with the 90%
confidence interval of the other diet treatment.
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4.3. Results
4.3.1. F1 WCR Lifetime Exposure Experiment
Lifetime F0 diet treatment did not significantly affect mean F1 WCR adult
longevity in 2019 (male: F1,10=0.42, P=0.5298; female: F1,10=0.98, P=0.3466) or 2020
(male: F1,8=0.09, P=0.7671; female: F1,8=0.00, P=0.9661) experiments (Figs. 4.1A-B).
Mean F1 adult head capsule width was not significantly affected by F0 diet treatment in
2019 (male: F1,10=0.31, P=0.5880; female: F1,10=0.00, P=0.9763) or 2020 (male:
F1,8=0.44, P=0.5275; female: F1,8=0.82, P=0.3929) experiments (Figs. 4.1C-D). Mean F1
female lifetime egg production was not significantly different between F0 diet treatments
in 2019 (F1,10=2.35, P=0.1563) and 2020 (F1,8=0.12, P=0.7417) experiments (Fig. 4.1E).
Viability of F2 eggs was not significantly impacted by exposure to SmartStax® PRO or
isoline corn in the F0 generation in 2019 (F1,10=1.77, P=0.2129) or 2020 (F1,8=0.00,
P=0.9813) experiments (Fig. 4.1F).
4.3.2. Simulation Model – Lifetime Exposure
The simulation model indicated that mean F0 female net replacement rates were
significantly lower after lifetime SmartStax® PRO dietary exposure (mean: 0.09; 90% CI:
0.00 to 0.27) compared to isoline (mean: 119.07; 90% CI: 9.23 to 280.02) due to the nonoverlapping confidence intervals. The significant difference in F0 female net reproductive
rate impacted mean intrinsic growth rate of the F1 generation (SmartStax® PRO: -2.44;
isoline: 4.78) (Fig. 4.2).
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4.4. Discussion
The reduction in WCR adult emergence, the negative effects of F0 SmartStax®
PRO exposure on life history parameters, and the negative F1 population growth
estimates from the simulation model collectively confirm that WCR dietary exposure to
SmartStax® PRO significantly impacts the biological fitness of the WCR population. The
simulation model clearly separated potential WCR population growth on each hybrid, but
additional information is needed to clearly understand how these results may contribute
to population dynamics in the field. SmartStax® PRO will be planted as a 95:5% blend of
transgenic and refuge (no rootworm PIPs) seed, respectively, when commercialized.
Therefore, it is likely that most adults that emerge in a cornfield will feed on SmartStax®
PRO plants. To date, only lifetime feeding has been studied so it is unknown how long a
WCR adult needs to feed on SmartStax® PRO tissue before exposure negatively affects
fitness or if subsequent feeding on refuge plant tissue could potentially reverse or
minimize the effect of SmartStax® PRO on life history parameters. Because adults
emerging from refuge plants can be negatively affected by dietary exposure to
SmartStax® PRO (Reinders Chapter 3), the entire population within an individual
cornfield could be negatively impacted. Additional modeling is needed to clarify how
these parameters might affect WCR population dynamics in the agricultural system.
The 97.1-99.7% reduction in adult WCR emergence and significant decrease in
egg production resulting from SmartStax® PRO dietary exposure in the F0 generation
(Reinders Chapter 3) indicates that the initial F1 population density within a large
commercial cornfield could be quite low. The low population density coupled with the
negative growth rate obtained from the simulation model suggests that SmartStax® PRO
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will place very high selection pressure on the resident population. The F1 life history data
indicate that the few survivors from SmartStax® PRO will be equally fit compared to
offspring from non-Bt plants when selection is removed (Fig. 4.1). This suggests that
although there was a significant reduction in the WCR population density, the negative
effects of SmartStax® PRO exposure on life history parameters observed in the F0
generation (Reinders Chapter 3) were not evident in subsequent progeny (Fig. 4.1).
Therefore, any resistance alleles that are present could be carried over to the next
generation. Because of this, it is very important to deploy SmartStax® PRO within an
integrated pest management (IPM) framework. Continued use of SmartStax® PRO would
maintain the selection pressure placed on the WCR population, especially in areas of
WCR resistance to Bt components of the pyramid, potentially leading to quicker
resistance evolution. The great reduction in WCR density after initial use of SmartStax®
PRO may allow subsequent rotation to a non-rootworm Bt hybrid combined with
traditional insecticide tactics to alleviate the pyramid selection pressure. Additional
theoretical modeling is needed to understand the effects of various IPM and insect
resistance management (IRM) strategies on the rate of WCR resistance evolution to
SmartStax® PRO.
This is the first study to characterize the biological fitness and population growth
of a WCR population surviving lifetime SmartStax® PRO exposure. The multigenerational study documented that SmartStax® PRO causes significant effects on WCR
life history traits, which contributed to the negative population growth observed in
simulation models. The significantly reduced F0 female net reproductive rate and
negative F1 intrinsic population growth rate observed in this study support the population
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suppression hypothesis raised by Reinders (Chapter 3). However, additional modeling is
needed to test this hypothesis to account for field-level factors and additional generations
of selection. The fitness and population dynamics data from this study provide a
framework and additional empirical data to incorporate into IRM simulation models to
investigate the evolution of resistance to SmartStax® PRO and to optimize IRM
strategies.
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Table 4.1. Mean (±SE), minimum, and maximum values for life history parameters used
in the simulation model.
Life History Parameter

Lifetime Diet
Isoline
SmartStax® PRO

F0 Lifetime Egg Production

503.16 ± 32.31
[0-1168]

59.67 ± 15.53
[0-176]

Proportion F1 Viable Eggs

0.96 ± 0.003
[0.92-0.99]

0.95 ± 0.008
[0.87-0.99]

Proportion F1 Survival to Adulthood

0.72 ± 0.04
[0.57-0.83]

0.63 ± 0.02
[0.60-0.65]

Proportion F1 Females Produced

0.34 ± 0.04
[0.22-0.54]

0.70 ± 0.05
[0.60-0.77]

185

Figure 4.1. Life history parameters evaluated during 2019 and 2020 F1 experiments after
lifetime dietary exposure to SmartStax® PRO or isoline corn in the F0 generation. A)
Mean male longevity (days), B) Mean female longevity (days), C) Mean male head
capsule width (HCW; μm), D) Mean female head capsule width (HCW; μm), E) Mean
egg production per female, and F) Proportion of viable F2 eggs. Data from 2019 and 2020
experiments were analyzed separately. Individual bars represent the mean ± standard
error and include the number of male/female pairs (n) established for each diet treatment.
No significant differences between diet treatments occurred for any life history parameter
in 2019 or 2020 experiments (P>0.05).

186

Figure 4.2. Frequency distribution of the simulated F1 intrinsic population growth rate
based on net reproductive rate of F0 females exposed to SmartStax® PRO or isoline
corn. A value of 0.1 was added to include females with an R0=0 because ln(0) is not
defined.
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OVERALL SUMMARY / CONCLUSIONS
The use of plant-incorporated protectants to manage western corn rootworm
(WCR) populations is a common practice in Nebraska corn production systems.
Continuous cultivation of transgenic corn hybrids expressing Cry3 proteins has led to the
neighborhood-level clusters of WCR resistance, particularly complete resistance to
Cry3Bb1, observed in Cuming County, reinforcing the importance of local selection
pressure in determining WCR Bt susceptibility. Single-plant bioassays conducted on
WCR progeny collected from fields in northeast Nebraska confirm the first cases of
resistance to SmartStax® (Cry3Bb1 + Cry34/35Ab1) in the state. Further bioassays are
needed to evaluate the current susceptibility of Nebraska WCR populations to
Cry34/35Ab1, one Bt component of this pyramid. Most WCR populations exhibited
incomplete resistance to SmartStax®, indicating a wide range of susceptibility present in
Nebraska WCR field populations. However, it is important to note that field-evolved
resistance does not necessarily equate with decreased efficacy or practical resistance
under field conditions. Comparisons of laboratory bioassay data with field performance
are needed to understand the impact of varying WCR Bt resistance levels on field-level
factors such as root injury and grain yield.
The results also provide current information on the susceptibility of Nebraska
WCR populations in areas where SmartStax® PRO will likely be deployed to mitigate
existing WCR Bt resistance. Adult emergence data reinforce that SmartStax® PRO can
significantly reduce the resident WCR population density present in an individual field,
even when deployed in an area with existing levels of Bt resistance. This indicates that
SmartStax® PRO will provide a viable IRM tool to mitigate existing levels of WCR
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resistance. Results from the SmartStax PRO fitness study suggest that the great
reduction in WCR density and the negative effects on the biological fitness of survivors
may contribute to WCR population suppression, especially if SmartStax® PRO is
cultivated for several consecutive growing seasons. Additional modeling is needed to test
the population suppression hypothesis. This study provides the first report and a baseline
on the potential population effects of WCR lifetime SmartStax® PRO exposure in areas
with Bt resistance, but additional modeling is also needed to clarify how SmartStax®
PRO may impact population dynamics and resistance evolution under field-relevant
scenarios (i.e., 95:5% seed blend). Further research should be conducted to determine the
SmartStax® PRO feeding duration necessary to cause detrimental effects on WCR life
history parameters, and whether the effects can be reversed or minimized by feeding on
refuge plants. Additionally, understanding the fitness effects caused by SmartStax® PRO
in susceptible WCR populations is needed to optimize resistance management strategies
in certain areas of the U.S. Corn Belt.
Collectively, the results from single-plant larval bioassays and fitness experiments
raise many questions about how individual components of rootworm-Bt pyramids interact
to determine susceptibility and fitness of WCR populations. The differences in WCR
corrected survival observed in this study revealed an inconsistent relationship between
Cry3Bb1 and Cry3Bb1 + Cry34/35Ab1 susceptibility, suggesting that the relationship is
dependent upon the relative WCR susceptibility to each component of the pyramid. WCR
populations with similar corrected survival on SmartStax® could experience different
overall fitness based on differences in susceptibility to the individual traits in the
pyramid. Therefore, understanding the trait interaction (additive, synergistic, other) is
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critical to determine the contribution of each trait to the pyramid and to develop IRM
strategies. To date, less is known about the effects of Cry34/35Ab1 or DvSnf7 dsRNA
than Cry3Bb1 on fitness of susceptible and resistant WCR. Additional empirical data is
needed to develop SmartStax® PRO IRM strategies. Because this project clearly showed
that SmartStax® PRO will place a high level of selection pressure on a WCR population,
deploying SmartStax® PRO within an IPM framework is paramount to preserve
susceptibility to this new technology, especially since resistance is already present within
the Nebraska landscape to the Bt traits in the SmartStax® PRO pyramid.
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APPENDIX I: MEAN SURVIVORSHIP OF LAB CONTROL POPULATIONS ON
CRY3BB1 AND SMARTSTAX® HYBRIDS IN 2018 AND 2019 BIOASSAYS
Table 1. Mean proportional survival (±) SE of lab control populations in A) 2018 and B)
2019 bioassays. Means within a hybrid followed by the same letter are not significantly
different (generalized linear model, P > 0.05).

A)

Year

Population

Cry3Bb1
Survival1

Cry3Bb1 + Cry34/35Ab1
Survival2

Moody Co., SD
Cohort 1

0.028 (0.01)a

0.014 (0.01)A

Moody Co., SD
Cohort 2

0.014 (0.01)a

0.021 (0.01)A

2018

1

Cry3Bb1: F1,22=0.65, P=0.4271

2

Cry3Bb1 + Cry34/35Ab1: F1,22=0.20, P=0.6584

B)

Year

Population

Cry3Bb1
Survival3

Cry3Bb1 + Cry34/35Ab1
Survival4

Butler Co., NE

0.021 (0.009)a

0.007 (0.007)A

Potter Co., SD

0.014 (0.012)a

0.007 (0.007)A

Finney Co., KS

0.007 (0.007)a

0.007 (0.007)A

Centre Co., PA

0.000 (0.000)a

0.000 (0.000)A

2019

3

Cry3Bb1: F3,44=0.31, P=0.8151

4

Cry3Bb1 + Cry34/35Ab1: F3,44=0.00, P=1.0000
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APPENDIX II: STANDARD UNIVERSITY OF NEBRASKA-LINCOLN WCR
REARING PROTOCOL
A mixture of Sun Gro® Metro-Mix® 900 Grower Mix with RESiLIENCE™ (65g;
referred to as soil substrate) and distilled water (15mL) was placed in the bottom of a
clear 0.95L Dart® ClearPac® deli container (19.05cm x 16.51cm x 6.99cm; Johnson Paper
& Supply Co., Minneapolis, MN). A mat of VE non-Bt corn seedlings (100g; Reid’s
Yellow Dent Corn, R.H. Shumway, Randolph, WI) was placed in the deli container and
150 neonate larvae were transferred to each seedling mat and covered with soil substrate
(75g) mixed with distilled water (20mL). A domed plastic lid with 12 holes was placed
on the deli tray to facilitate air circulation. After 1 week of larval development, a shoebox
(5.7-L Sterilite® storage container; Walmart, Inc., Bentonville, AR) was lined with soil
substrate (200g) mixed with distilled water (80mL). A completed shoebox consists of
three components: contents of an individual deli tray, VE corn seedlings (200g), and
soaked corn seed (140g) mixed with soil substrate (100g) to provide a continuous source
of food throughout the developmental period. A mixture of soil substrate (250g) and
distilled water (200mL) was used to cover all corn material and a lid was placed on the
shoebox to prevent desiccation. Shoeboxes from individual treatments were placed in
60cm3 woven mesh rearing cages (MegaView Science Co., Taichung, Taiwan) to contain
adults emerging from shoeboxes. Above-ground plant tissue was trimmed weekly to
prevent mold growth.
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APPENDIX III: MEAN SURVIVORSHIP OF LAB CONTROL POPULATIONS
ON CRY3BB1 AND SMARTSTAX® HYBRIDS IN 2019 AND 2020 BIOASSAYS
Table 1. Mean proportional survival (± SE) of lab control populations. (A) VT3P in 2019
bioassays, (B) VT3P in 2020 bioassays, (C) SSX in 2019 bioassays, and (D) SSX in 2020
bioassays. Within hybrids and years, no significant differences in mean survival among
populations were documented (generalized linear model, binomial distribution; P > 0.05).

(A)

Population

Mean Proportional Survival (± SE)

Kansas (KS)
Penn I (PA)
Whitlock (SD)
Linwood (NE)

0.007 ± 0.007
0.000 ± 0.000
0.014 ± 0.010
0.021 ± 0.012

* F=0.31; df=3, 44; P =0.8151

(B)

Population

Mean Proportional Survival (± SE)

Kansas (KS)
Penn I (PA)
Whitlock (SD)
Linwood (NE)

0.042 ± 0.017
0.007 ± 0.007
0.021 ± 0.012
0.014 ± 0.010

* F=1.36; df=3,44; P =0.2664

(C)

Population

Mean Proportional Survival (± SE)

Kansas (KS)
Penn I (PA)
Whitlock (SD)
Linwood (NE)

0.007 ± 0.007
0.000 ± 0.000
0.007 ± 0.007
0.007 ± 0.007

* F=0.00; df=3,44; P =1.0000

(D)

Population

Mean Proportional Survival (± SE)

Kansas (KS)
Penn I (PA)
Whitlock (SD)
Linwood (NE)

0.035 ± 0.015
0.000 ± 0.000
0.007 ± 0.007
0.007 ± 0.007

* F=1.26; df=3,44; P =0.3003

